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1. INTRODUCCIÓN  
 
1.1 Moléculas fluorescentes como quimiosensores: Bases de Schiff 
 
Nombrada por primera vez por Hugo Schiff,1 una base de Schiff o grupo 
azometina, es un grupo funcional orgánico que contiene un enlace doble entre un átomo 
de carbono y otro de nitrógeno. 
 El método más habitual para obtener una base de Schiff es mediante una 
reacción de condensación entre un fragmento amínico y otro carbonílico que reaccionen 
entre sí, para dar lugar a compuestos de naturaleza cíclica (macrociclos) o abiertos 
(acíclicos o podandos) dependiendo de la estructura de los precursores orgánicos. 
La fórmula general de una imina es R1R2C=NR3, en donde el grupo R3 es un 
grupo arilo o alquilo que confiere estabilidad a dicha imina. La formación de un enlace 
imínico es un proceso reversible que puede ser catalizado por ácidos.2 
De forma esquemática (figura 1) los diferentes pasos de reacción que dan lugar a 
la obtención de una base de Schiff son: 
1. Se inicia con la adición nucleófila de la amina al carbonilo. 
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2. A continuación tiene lugar una transferencia protónica para la obtención de un 
grupo amino-alcohol. 
3. Seguidamente, el oxígeno del grupo OH capta un protón convirtiéndose así en 
un excelente grupo saliente.  
4. Tras la salida del grupo OH se obtiene un ión imínico debido a la pérdida de 
una molécula de agua por medio de un mecanismo E1. 
5. Por último la pérdida de un protón por parte del átomo de nitrógeno, da lugar a  
la base de Schiff y regenera, cuando es utilizado, el catalizador ácido.  
 
 
 
 
 
 
 
 
 
Figura1. Formación del enlace imínico tipo base de Schiff. 
 
Se han publicado un gran número de ligandos  tipo base de Schiff con aplicación 
como quimiosensores de fluorescencia o colorimétricos debido a que el enlace imínico 
puede experimentar procesos de isomerización que dan lugar a un cambio de coloración 
de los compuestos con las variaciones de temperatura (a bajas temperaturas) (figura 2)3, o 
a sistemas “switch On-Off” y/o “switch Off-On” ( apagado o encendido) en la emisión de 
fluorescencia. 
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Figura 2. Ligandos base de Schiff con aplicación como quimiosensores.1b,c,e,f. 
 
El concepto de quimiosensor fue descrito por primera vez por L. R. Sousa4  en 
1977. Años más tarde, Anthony Czarnick5 definió claramente el concepto de 
quimiosensor como una molécula abiótica que contiene tres partes bien definidas, el 
receptor (lugar de anclaje), una unidad señalizadora (en este caso cromóforo/fluoróforo) y 
una unidad química de comunicación entre las dos partes citadas anteriormente 
(espaciador). Esta definición se ajusta bastante bien a la definición actual de quimiosensor 
conjugado.3 
Un quimiosensor es una molécula conocida por su capacidad para enlazarse a 
analitos de modo reversible, variando así alguna de sus propiedades físico-químicas, tales 
como el color, la intensidad de luz emitida, el potencial eléctrico, la frecuencia de 
oscilación de un cristal, la masa, etc.6 
Cabe destacar en este punto dos grandes familias de quimiosensores de 
fluorescencia: los sensores intrínsecos y los sensores conjugados. 
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Un quimiosensor intrínseco es aquella molécula en la cual el reconocimiento y la 
señalización del analito es realizado por el propio cromóforo/fluoróforo.3 En la figura 3 se 
muestra algún ejemplo de este tipo de sensores: 
 
 
 
Figura 3. Quimiosensores de fluorescencia intrínsecos. 
 
Por el contrario, los quimiosensores conjugados son normalmente moléculas de 
naturaleza abiótica (sintética), formados por subunidades unidas entre sí con una función 
específica,7 reconociéndose como se ha dicho anteriormente, tres partes bien definidas 
dentro de su estructura: 
 
1. Subunidad receptora: es la parte del sensor que lleva a cabo la función de 
reconocimiento y enlace de modo reversible al analito. 
2. Subunidad espaciadora: parte del sensor que controla la capacidad de 
comunicación entre receptor y emisor. La separación tiene importancia en la 
disposición geométrica de las subunidades receptora y emisiva. Factores tales 
como la rigidez o flexibilidad del sistema, modelarán las propiedades finales del 
mismo. 
3. Subunidad señalizadora: es la parte del sensor que emite una señal de intensidad  
variable de acuerdo al enlace con el analito, normalmente un hidrocarburo 
aromático. 
 
En la figura 4 aparece representado, en forma generalizada, el modo de actuación 
de un quimiosensor de fluorescencia conjugado. En el apartado 1) se observa la estructura 
genérica de un quimiosensor. Cuando un analito es reconocido en disolución se observa 
la formación de un enlace sensor-analito (apartado 2). La variación en la naturaleza del 
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enlace formado (enlace covalente, puente de Hidrógeno, puente salina, etc.) variará la 
selectividad y sensibilidad del sistema. Por último, en 3) se observa una variación en la 
intensidad de fluorescencia tras la formación del enlace sensor-analito. 
 
 
 
 
 
 
 
 
 
 
 
Figura 4. Esquema de actuación de un quimiosensor de fluorescencia. 
 
 La naturaleza y tipo de los átomos dadores de electrones que forman los 
compuestos objeto de estudio modelará las características de los mismos como 
quimiosensores. 
Este mecanismo de control depende, en gran medida, del enlace entre el ligando y 
el metal, basándose en las características electrónicas y el radio iónico de los metales. De 
este modo, se puede obtener una interacción selectiva variando las características del 
ligando para adaptarlas a las características del metal. De modo orientativo, la teoría 
ácido/base-duro/blando de Pearson8 se puede seguir para conocer la futura aplicación del 
ligando. 
Concretamente, según la teoría de Pearson, los metales del tipo “a” denominados 
duros se enlazan con mayor facilidad a los átomos dadores “duros” como el oxígeno, 
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mientras que los del tipo “b” denominados “blandos” tienen apetencia por los átomos 
dadores más blandos como es el caso del nitrógeno, azufre, selenio o teluro (Tabla 1). 
 Por tanto, siguiendo esta teoría, los ligandos dadores que contienen átomos de 
oxígeno se consideran relativamente duros, mientras que los ligandos que contienen 
fósforo o azufre son considerados blandos, siendo aquellos que contienen nitrógeno los 
considerados intermedios.  
Otros factores que puedan modular las características dadoras del ligando son: la 
desprotonación del mismo, la presencia de grupos imino sensibles a la acidez, o la 
hibridación de los átomos. 
Por otro lado, dependiendo de las condiciones ácido/base de la disolución o del 
pH del agua, los ligandos que contienen átomos dadores de nitrógeno (grupos amina, 
imina y a veces amida) pueden protonarse variando así sus propiedades complejantes. 
 
Tabla 1. Clasificación catiónica según la teoría de Pearson. 
 
              
 
 
 
 
 
 
Los quimiosensores de fluorescencia para la detección de iones metálicos, 
especialmente de Cu2+ y Zn2+, han sido objeto de numerosas investigaciones, ya que estos 
iones en grandes cantidades forman parte significativa de la contaminación ambiental 
siendo, por otro lado, oligoelementos esenciales en los sistemas biológicos. 
Las respuestas que más comúnmente adoptan los quimiosensores de fluorescencia 
son el efecto CHEF, chelation enhancement of the fluorescence emission en inglés, o 
“intensificación por complejación de la emisión de fluorescencia”, y el efecto CHEQ, 
Tipo “a” (duros) Intermedios Tipo “b” (blandos) 
 
H+, Li+, Na+, K+, Be2+, 
Mg2+, Ca2+, Sr2+, Sn2+, 
Al3+, Sc3+, Ga3+, In3+,Ln3+ 
 
Fe2+, Co2+, Ni2+, Cu2+, 
Zn2+, Pb2+ 
 
 
Cu+, Ag+, Au+, Tl+, Hg+, 
Cs+ 
Pd2+, Cd2+, Pt2+, Hg2+ 
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chelation enhancement of the quenching, que se podría traducir como “intensificación por 
complejación de la desactivación de la fluorescencia”. Ambos fenómenos se basan en la 
variación de la intensidad en la emisión de luz. 
Uno de los mecanismos fotofísicos que permite modificar la fluorescencia es la 
“transferencia electrónica fotoinducida”, que se designa por el acrónimo inglés PET 
(photoinduced electron transfer). En contraste con muchos fenómenos químicos, la 
fluorescencia molecular puede ser fácilmente intensificada o eliminada, dando lugar a un 
estado encendido-apagado. Si el efecto PET controla la acción del sensor, la molécula 
empleada no emite fluorescencia en ausencia de ion huésped. Un grupo dador de 
electrones en el receptor libre, una imina por ejemplo, transfiere los electrones de tal 
modo que llena el orbital HOMO del fluoróforo. La interacción con el huésped impide 
esta donación electrónica, produciéndose así la fluorescencia (figura 5).9 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 5. Diagrama de los orbitales moleculares en el efecto PET y requerimientos 
espaciales en el diseño de quimiosensores. 
 
 
Estado APAGADO  Estado ENCENDIDO  
LUMO 
HOMO 
HOMO E 
PET 
Fluoróforo Receptor 
libre 
HOMO 
LUMO 
HOMO 
h µ flu 
Fluoróforo 
Receptor 
enlazado 
PET 
Fluoróforo     Espaciador    Receptor 
h µ abs 
Fluoróforo     Espaciador    Receptor    M n+ 
PET 
h µ 
 
flu 
h µ 
 
abs 
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 En la mayoría de los sistemas estudiados como quimiosensores de 
fluorescencia para Cu2+, tiene lugar una disminución en la intensidad de emisión del 
cromóforo tras la coordinación al centro metálico como resultado de procesos de 
quenching (supresión de emisión), existiendo pocos quimiosensores que aumentan la 
intensidad de fluorescencia cuando interaccionan con dicho catión metálico. En estos 
casos concretos la supresión de la emisión se suele asignar a un proceso de transferencia 
electrónica acompañado en muchos casos de un proceso de transferencia de energía.10 
 
1.2. Sistemas coloidales de NPs metálicas de Ag y Au como sensores ópticos 
 
 Los sistemas coloidales de nanopartículas metálicas tienen una historia muy 
larga puesto que eran ya utilizados por los artesanos del siglo IX en Mesopotamia para 
generar un efecto de brillo en la superficie de diferentes objetos. Estas nanopartículas 
eran creadas por dichos artesanos mezclando sales de cobre y plata junto con arcilla, 
vinagre y ocre, creando así una masa en la superficie de la cerámica vidriada. Se 
calentaba a unos 600ºC en atmósfera reductora, suavizándose el esmalte y permitiendo la 
migración de lo iones de plata y cobre a las capas externas del esmalte. El resultado era la 
reducción de la sales metálicas a nanopartículas quedando estabilizadas al fijarse en 
medio del esmalte, aportando el color y los efectos ópticos característicos.  
 Pero no fue hasta 1857 cuando Michael Faraday aportó por primera vez una 
descripción en términos científicos de las propiedades ópticas de los metales a escala 
nanométrica.11 
 Posteriormente, Richard Feyman, Prémio Nobel de física en 1965, fue el 
primer investigador que abordó las enormes posibilidades de la nanociencia y la 
nanotecnología en su celebre discurso que impartió en el Instituto Tecnológico de 
California titulado: “There’s a Plenty of Room at the Bottom”12 
 En la actualidad multitud de grupos de investigación han llevado a cabo el 
perfeccionado de nuevos métodos de síntesis que ha dado lugar a una mejor compresión 
de este tipo de sistemas, para entender y aplicar sus interesantes propiedades químicas y 
ópticas en diferentes campos de la ciencia tales como la proteómica,13 medicina,14 
biología,15,16 genética,17 ciencia de materiales,18 etc. 
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1.2.1. Métodos generales de síntesis y estabilización de sistemas coloidales de NPs 
metálicas 
 
 De un modo general se pueden dividir los procedimientos de la síntesis de 
nanopartículas metálicas en dos grandes estrategias diametralmente opuestas: 
a) “Top-down”: Técnica descendente que se realiza mediante la reducción del 
tamaño de materiales masivos hasta dimensiones nanométricas. Dentro de este 
procedimiento se engloban técnicas como la molienda, litografía, gravado por 
iones de plasma, pulverización catódica, etc. 
b) “Bottom-up”: Técnica ascendente realizada a partir de bloques de construcción 
más pequeños (figura 6). Podemos aquí englobar todos los procesos de síntesis 
por vía “húmeda”, es decir, mediante síntesis química. 
 Todos los sistemas coloidales sintetizados en la presente tesis doctoral se han 
llevado a cabo mediante técnicas “bottom-up” de síntesis química, razón por la cual nos 
centraremos en mayor medida en este tipo de procesos químicos.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 6. Esquema genérico de síntesis química de nanopartículas metálicas 
(bottom-up). 
 
 
 De un modo general, los métodos de síntesis “bottom-up” se componen de dos 
procesos previos a la obtención del coloide estable de nanopartículas metálicas. Dichos 
procesos comienzan con la reducción de unos átomos de metal para la formación de 
pequeñas unidades discretas denominados núcleos de formación. Este proceso se 
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denomina nucleación. A partir de estos núcleos formados se lleva a cabo el proceso de 
crecimiento para la formación final de la suspensión coloidal estable.  
 Además de estos mecanismos de formación, debe estar presente un mecanismo 
de estabilización de esas nanopartículas en disolución. Desde un punto de vista genérico 
la estabilización del coloide se puede llevar a cabo mediante dos mecanismos diferentes, 
estabilización por carga o estabilización estérica.19 En el primero de ellos, el estabilizado 
del coloide se lleva a cabo mediante la repulsión de carga que se efectúa entre las 
nanopartículas con igual carga superficial, mientras que en la segunda opción, la 
estabilidad la aportan grandes moléculas adsorbidas en la superficie de las nanopartículas 
impidiendo de modo físico el agregado de las mismas (figura 7). 
 
 
 
 
 En la presente tesis doctoral se ha llevado a cabo la síntesis de nanopartículas 
metálicas tanto en medio orgánico (tolueno) como acuoso por métodos bottom-up de 
síntesis química. En el caso de los coloides de oro en medio acuoso, se ha seguido el 
protocolo de síntesis descrito por Turkevich.20 En este método se utiliza como agente 
reductor y estabilizador el citrato sódico tribásico, obteniendo una suspensión coloidal de 
 
 
 
 
 
Figura 7. Métodos de estabilización de nanopartículas metálicas en disolución.  
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NPs de Au de tamaño aproximado entre 10 y 20 nm. La estabilización es debida a las 
cargas negativas existentes en la superficie de las NPs de oro aportadas por las unidades 
de citrato.  
 Teniendo en cuenta que el potencial de reducción de la plata es menos 
favorable que en el caso del oro, la síntesis de las NPs de Ag en agua se llevó a cabo 
mediante un método de síntesis diferente. Además, se optó por variar el método 
Turkevich para la síntesis de las NPs de Ag debido a que este método daba como 
resultado una suspensión coloidal con un alto grado de polidispersidad así como una baja 
estabilidad del coloide ante procesos de agregación. Por lo tanto, para la síntesis de NPs 
de Ag en agua, se empleó como agente reductor el borohidruro de sodio y como 
estabilizante el polivinilpirrolidinio. La estabilización final del coloide en este caso es 
debido a fenómenos estéricos. 
 Por otro lado, para la obtención de coloides de oro y plata en medio orgánico 
(tolueno), la síntesis se complica notablemente debido a que es necesario la presencia de 
los cationes metálicos en dicho medio. Para la síntesis de coloides de oro en medio 
orgánico, se ha seguido el método descrito por Brust y Schiffrin21 en el que se empleó el 
TOAB (bromuro de tetraoctilamonio) como agente estabilizante.  
 En esta síntesis, el TOAB también juega un papel importante al actuar como 
transferidor de fase de los iones Au3+ desde la fase acuosa a la fase orgánica, tras la 
formación de la especie compleja Au3+-TOAB, lo que permite tener el catión de oro 
estable en dicha fase. La reducción del Au3+ con borohidruro sódico, permitió obtener una 
suspensión coloidal monodispersa de Au0 en tolueno con un tamaño medio de 10 nm.  
Para el caso de la síntesis de coloides de Ag en tolueno se aplicó el mismo protocolo, 
pero se llevaron a cabo pequeñas variaciones en las relaciones estequiométricas y también 
se aplicaron ultrasonidos (US) durante 90 segundos al inicio de la reducción de los 
átomos de plata con el fin de homogeneizar la muestra, obteniéndose de nuevo una 
suspensión coloidal monodispersa de Ag0 de tamaño medio 5 nm.  
 Cabe destacar que hasta ahora hemos visto la síntesis de coloides de oro y plata 
en medio acuoso y orgánico mediante aplicación de estabilizantes genéricos. Esto es con 
la idea en mente de realizar el intercambio de la monocapa formada inicialmente por los 
quimiosensores de fluorescencia obtenidos en la presente tesis. De esta manera se 
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obtienen unas semillas a partir de las cuales se realiza el anclaje de los sensores de 
fluorescencia para la obtención final del nanosensor híbrido.  
 
 
1.2.2. Propiedades ópticas de coloides metálicos 
 
Las nanopartículas metálicas poseen unas propiedades ópticas características 
resultado de la oscilación colectiva de los electrones de conducción al ser iluminados con 
luz de longitud de onda apropiada que concentra el campo eléctrico de la luz en el 
entorno de la nanopartícula, amplificándolo varios ordenes de magnitud. Este fenómeno 
es conocido como LSRP (Resonancia localizada del plasmón superficial) (figura 8). Por 
ello, los plasmones de superficie confieren a las nanopartículas algunas propiedades 
ópticas difíciles de obtener con los materiales ópticos tradicionales como 
semiconductores, moléculas fluorescentes o pigmentos. 
 El primer enfoque teórico para el modelado de las propiedades ópticas de las 
nanopartículas ha sido propuesto por Mie22 dentro de los formalismos electromagnéticos 
clásicos. Todavía en uso hoy en día. De acuerdo con la teoría de Mie, la condición de 
resonancia se logra cuando la parte real de la función dieléctrica del metal es igual a la 
función dieléctrica del medio circundante. Por lo tanto, la frecuencia LSPR depende tanto 
de la propia nanopartícula así como del medio en el que se dispersa.  
Dos importantes consecuencias se derivan de esta dependencia, por un lado, la 
LSPR es sintonizable, es decir, su frecuencia puede ser modificada a través de cambios en 
la composición de las nanopartículas, tamaño y forma.23 Por otro lado, las nanopartículas 
de metal son sensibles a su entorno local, es decir, los cambios en las propiedades 
dieléctricas de los resultados de los alrededores permite variaciones en el LSPR que se 
pueden medir. Estos fenómenos abren nuevas puertas a la aplicación de dichas 
nanopartículas como nuevos nano-quimiosensores. 
Los metales más adecuados son plata y oro, ya que la condición de resonancia de 
plasmones localizados antes mencionados se cumple en las frecuencias de la luz visible. 
Las ventajas adicionales de estas nanopartículas metálicas incluyen métodos sencillos de 
preparación para una amplia gama de tamaños y formas24  y la fácil 
funcionalización/conjugación superficial  de una gran variedad de ligandos orgánicos y 
bio-orgánicos. 
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Figura 8. Representación esquemática de la oscilación superficial del Plasmón (nube 
electrónica) bajo el efecto de un campo electromagnético. 
 
 
 
1.2.3. Características generales de los analitos estudiados: 
Desde el punto de vista bioquímico y medioambiental los iones metálicos empleados en 
este trabajo para su estudio se pueden agrupar en tres grupos:  
1. Metales de transición: Cu2+ y Ag+  
2. Metales de post-transición: Zn2+, Cd2+, Hg2+, Al3+, Ga3+  y In3+ 
3. Metales lantánidos: Eu3+ y Sm3+ 
Por otro lado, se estudió la capacidad sensora hacia disoluciones de algunos gases 
tóxicos:  
       4. Dietilclorofosfato (precursor del gas sarín) y el trietilfosfato  (derivado del 
dietilclorofosfato no reactivo). 
       5.- Y hacia dos de los aniones más estudiados: Fluoruro (F-) y Cianuro (CN-)  
A continuación, se hará una revisión de las propiedades más relevantes de cada 
grupo, haciendo especial hincapié en sus propiedades coordinativas en el caso de los 
iones metálicos. 
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 1.2.3.1. Cu2+ 
 El cobre es un metal bastante abundante, ocupando el puesto vigésimo quinto 
en orden de abundancia en la naturaleza. Es un elemento esencial para la vida en 
cantidades traza, pero tóxico en mayores cantidades, especialmente para las bacterias, 
algas y hongos. De hecho, muchos pesticidas están compuestos por acetato, carbonato, 
cloruro, hidróxido o sulfato de Cu2+. El estado de oxidación +2 es el más importante, ya 
que el Cu+ se oxida fácilmente y el Cu3+ es tan solo estable en entornos proteicos. 
En lo que se refiere a los complejos metálicos, los índices de coordinación más 
frecuentes son 4, 5 y 6, pero en raras ocasiones presenta geometrías regulares. Debido a 
que el Cu2+ presenta una configuración d9, los complejos octaédricos y tetraédricos 
tienden a sufrir una distorsión por efecto Jahn-Teller.  
El cobre se encuentra en un gran número de metaloproteínas, estando asociado a 
procesos que implican la utilización de oxígeno por parte de sistemas biológicos, así 
como a sistemas transportadores de electrones. Algunas de las proteínas de cobre más 
conocidas son las oxidasas,25 plastocianinas 26  o superóxido-dismutasas.27 
 
  
 1.2.3.2. Ag+ 
 Es un metal poco abundante en la naturaleza, aunque lo es mucho más que el 
oro. Se encuentra bastante distribuido en minerales sulfurados, donde la argentita (Ag2S) 
es la especie más importante. El estado de oxidación más común es el +1, como 
consecuencia de que presenta un único electrón en la capa 4s. Presenta gran variedad de 
compuestos como el nitrato, clorato y perclorato que son solubles en agua y el sulfato, 
cloruro o bromuro que son insolubles. 
En lo que se refiere a la química de coordinación, tiene una baja afinidad por 
ligandos con átomos dadores de oxígeno, aunque se conocen complejos con iones 
carboxilato, DMSO, DMF y éteres corona. Sin embargo forma numerosos complejos con 
átomos dadores como S, Se, P y As, con una gran variedad de números de coordinación, 
siendo los más habituales el 2, 4, 5 y 6, con geometrías lineal, tetraédrica, piramidal 
pentagonal y octaédrica, respectivamente.28 
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Los complejos de plata con criptandos y ligandos macrocíclicos, conteniendo O, 
N y S como átomos dadores, son de considerable interés para la utilización de 111Ag 
(emisor de radiación β) en radioterapia interna selectiva de tumores.29 
La Ag+ forma complejos d10 estables con muchos ligandos orgánicos que 
presentan propiedades emisivas.30 Habitualmente, estos compuestos son polinucleares 
(clusters) y la naturaleza de sus estados fuertemente emisivos depende del número de 
centros metálicos y de las interacciones existentes entre ellos. De hecho, el enlace metal-
metal tiene lugar proporcionando emisiones centradas en el cluster, a menudo 
acompañadas de bandas de transferencia de carga metal-ligando (TCML).31 Sin embargo, 
Ag+ tiene la capacidad de formar arquitecturas en dos y tres dimensiones, con 
propiedades ópticas y electrónicas.32 
 
 1.2.3.3. Zn2+ y Cd2+ 
El cinc es algo más abundante que el cobre, y el cadmio es bastante escaso. En 
ambos casos el estado de oxidación +2 es el más importante, debido a que tanto Zn+ como 
Cd+ son altamente inestables, oxidándose fácilmente. Ambos tienen sus orbitales d 
completos, por lo que, desde el punto de vista del campo ligando no van a existir 
geometrías preferenciales, que vendrán determinadas por otros factores como puede ser el 
tamaño del ion metálico. Los índices de coordinación más frecuentes son 4, 5 (en el caso 
del Zn) y 6, aunque quizá la geometría más importante en ambos casos sea la tetraédrica. 
Desde el punto de vista metabólico, el cinc es el metal más importante después 
del hierro, ya que se conocen un elevado número de sistemas biológicos que lo contienen, 
como es el caso de la anhidrasa carbónica,33 carboxipeptidasa A34 y alcohol 
deshidrogenasa35. Pero de especial importancia son las proteínas que son capaces de 
reconocer secuencias de bases del ADN que presentan dominios típicos, constituidos por 
aminoácidos coordinados a iones Zn+2 que se conocen como Dedos de Zinc,36 que se 
encuentran en muchas proteínas de unión al ADN. En ellos el Zn2+ tiene un entorno 
tetraédrico distorsionado.  
En el caso del cadmio sólo se han encontrado efectos negativos desde el punto de 
vista biológico, pudiendo desplazar e incluso reemplazar al cinc coordinado a grupos 
cisteína en determinados enzimas.37 
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En los últimos años, cesió el interés por las propiedades fotofísicas de los 
complejos de coordinación de Zn2+ y Cd2+ luminiscentes, y se han publicado muchos 
trabajos de compuestos de coordinación monoméricos y multinucleares de Zn2+/Cd2+,38 
estructuras poliméricas de coordinación de Zn2+,39 detección fluorescente de Zn2+ en 
sistemas biológicos40,41 y complejos de coordinación de Zn2+/Cd2+ como materiales 
luminiscentes con aplicación en OLED’s (Organic light-emitting devices).  
En concreto, el desarrollo de sensores de Zn2+ fluorescentes es uno de los temas 
de más interés en el campo de la química bioinorgánica, debido a que el Zn2+ también 
juega un papel muy importante en mecanismos celulares, entre los que se encuentra la 
catálisis enzimática, expresión genética, apoptosis y la neurotransmisión.  
 
1.2.3.4. Hg2+  
El mercurio es un elemento anómalo debido a sus propiedades. Es el único metal 
líquido a Tª ambiente con densidad tan elevada (13,53g/cm3). Otra propiedad inusual del 
mercurio es su baja conductividad térmica ( por tanto es buen conductor electrico). 
Sus usos prácticos más comunes incluyen fabricación de barómetros, 
termómetros, electrodos, etc. Es un metal que posee una alta toxicidad para el ser 
humano. Presenta estabilidad tanto en su estado de oxidación Hg+ así como en el Hg2+. 
Las especies más tóxicas son aquellas que conllevan un coligando orgánico, siendo así el 
metil-mercurio, etil-mercurio etc, las peores. 
En el estado de oxidación Hg2+ presenta una configuración d10 por lo que 
podemos esperar, en principio, un comportamiento similar al Zn2+ en términos de efecto 
CHEF. Según la teoria de Pearson es un centro metalico blando por lo que presenta 
apetencia por átomos donadores duros como el azufre.42 
Sin embargo suele ser un metal CHEQ debido a fenómenos de átomo pesado y 
expansión de nube electrónica43 
 
1.2.3.5. Al3+ 
Entre las principales aplicaciones del Al3+ podemos destacar su uso en los 
tratamientos de agua, como aditivo de las comidas y en medicina. Es un elemento tóxico 
relacionado con enfermedades de índole neurológica como el Alzheimer y el Parkinson.44 
Para el análisis de estos metales se emplean muchos metódos analíticos (muestra 
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destructiva), sin embargo, se ha publicado menor número de ejemplos de quimiosensores 
fluorescentes (técnica no destructiva).  Presenta una configuración electrónica 3s23p1, 
presentando dos estados de oxidación estables +1 y +3, siendo el último de mayor 
estabilidad.42 
 
1.2.3.6. Ga3+ 
Metal blando, grisáceo en estado líquido y plateado brillante al solidificar, sólido 
a bajas temperaturas y funde a temperaturas cercanas a la del ambiente (como cesio, 
mercurio y rubidio). El rango de temperatura en el que permanece líquido es uno de los 
más altos de los metales (2174 °C separan sus punto de fusión y ebullición) y la presión 
de vapor es baja incluso a altas temperaturas.  
Presenta una acusada tendencia a subenfriarse por debajo del punto de fusión 
(permaneciendo aún en estado líquido) por lo que es necesaria una semilla (un pequeño 
sólido añadido al líquido) para solidificarlo. La cristalización no se produce en ninguna 
de las estructuras simples; la fase estable en condiciones normales es ortorrómbica, con 8 
átomos en cada celda unitaria en la que cada átomo sólo tiene otro en su vecindad más 
próxima a una distancia de 2,44 Å y estando los otros seis a 2,83 Å. En esta estructura el 
enlace químico formado entre los átomos más cercanos es covalente siendo la molécula 
Ga2 la que realmente forma el entramado cristalino. Presenta una configuración 
electrónica 4s24p1, presentando dos estados de oxidación estables +1 y +3, siendo el 
último de mayor estabilidad. 42 
Suele ser un metal muy utilizado en síntesis template de macrociclos45 por 
conferir dentro del mismo grupo. 
1.2.3.7. In3+  
Dentro del mismo grupo el indio es un metal blanco plateado, muy blando, que presenta 
un lustre brillante, fácilmente fundible, químicamente similar al aluminio y al galio, pero 
más parecido al zinc (de hecho, la principal fuente de obtención de este metal es a partir 
de las minas de zinc). Cuando se dobla el metal emite un sonido característico. Entre otras 
aplicaciones, se emplea para formar películas delgadas que sirven como películas 
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lubricantes, fabricación de fotoconductores, transistores, fabricación de paneles 
electroluminiscentes de óxido de Indio, etc. Presenta una configuración electrónica 
5s25p1, siendo los estados de oxidación más estables +1, +2 y +3, siendo este último el 
más estable.42 
1.2.3.8. Eu3+ y Sm3+ 
Europio y el Samario  pertenecen al grupo de los lantánidos. El Europio es el 
segundo elemento más volátil de este grupo. Desde el punto de vista industrial, el Europio 
ha ganado protagonismo en las últimas décadas debido a su utilidad en la industria nuclear 
como barras de control o como veneno químico (materiales adicionados al reactor para 
equilibrar el exceso de reactividad al inicio). Asi mismo es un elemento importante desde 
el punto de vista fotofísico por sus propiedades emisivas. 
El óxido de Samario se emplea como catalizador en ciertas reacciones orgánicas, 
también se utiliza, al igual que el Europio, en la industria nuclear y en fotofísica. 
Son metales altamente electropositivos que tienen como estado de oxidación 
principal (+3), pueden estabilizar otros estados de oxidación: Sm2+, Eu2+. 
En los complejos de lantánidos los números de coordinación mayores de 6 son 
más bien la regla general y no la excepción, aunque se conocen compuestos con índices 
de coordinación de 3 a 12. En los complejos con ligandos macrocíclicos polidentados, 
tipo coronandos, criptandos, calixarenos o bases de Schiff cíclicas o acíclicas, presentan 
generalmente índices de coordinación que llegan hasta 11 ó 12.42 
Suelen ser estudiados por sus características de emisión de luz en la región el visible e 
infrarrojo. 
1.2.3.9. Dietilclorofosfato y  trietilfosfato  
El dieticlorofosfato se utiliza como reactivo de laboratorio en síntesis orgánica. 
Se trata de un gas neurotóxico por inhalación, contacto cutáneo o ingestión. Es uno de los 
precursores a partir del cual se puede obtener el gas sarín (gas tóxico de guerra). 
Por otro lado el trietilclorofosfato presenta menor actividad neurotóxica, siendo 
sólo toxico mediante ingestión.  Se suele utilizar como Parente del dietilclorofosfato para 
pruebas negativas. 
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1.2.3.10. Aniones: Fluoruro y cianuro 
El Flúor es el elemento con mayor electronegatividad de todos y forma 
compuestos con la mayoría de los elementos de la tabla periódica, incluidos ciertos gases 
noble como xenón o radón.  
En disolución acuosas el flúor se encuentra presente como anión fluoruro F- .El 
fluoruro tiene una notable importancia en la industria de la higiene dental debido a que 
este anión se intercambia con los hidroxilos del esmalte produciendo una mayor 
resistencia del mismo ante ataques de caries. A pesar de ello el fluoruro en 
concentraciones elevadas puede llegar a ser tóxico,  por efecto de precipitado de fluoruros 
de calcio así como por formación de complejos con los centros metálicos de ciertas 
encimas entre otros efectos nocivos conocidos. 
En cuanto al cianuro, aparece como el anión monovalente del cianuro de 
hidrógeno, compuesto presente en la naturaleza desde las primeras etapas de la vida sobre 
la tierra. Es un anión potencialmente tóxico para el ser humano  ya que impide que el 
oxígeno portado por los glóbulos rojos pueda ser utilizado como aceptor de hidrógeno en 
el final de la cadena respiratoria intramitocondrial, uniéndose al grupo hemo binuclear del 
citocromo c inhibiendo su actividad.   
Ambos aniones presentan alto carácter básico pudiéndose enlazar y participar de 
enlaces de hidrógeno con moléculas del tipo azo dador. 
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1.3. ESTADO DEL ARTE 
 
El interés principal de los primeros capítulos de la presente tesis se centra en la 
síntesis de sensores químicos de fluorescencia y el estudio de su capacidad sensora hacia 
determinados analitos (cationes metálicos, aniones y disoluciones de gases tóxicos).  
Una de las importantes cuestiones a la hora de diseñar y adecuar estos sistemas a 
la interacción con dichos analitos es la presencia de lugares de unión adecuados a las 
interacciones requeridas, como son la presencia y la distrubuición de átomos dadores. Se 
decidió, por lo tanto, dotar a las subunidades receptoras de los sensores químicos de 
fluorescencia con cadenas de poliéteres flexibles.    
En 1967, Pederson46 reportó la síntesis de poliéteres cíclicos y sus complejos 
metálicos (figura 9). Dentro esta familia, figuraba la síntesis de macrociclos del tipo 
benzocorona con estructura muy similar a la del derivado 1,5-bis(2-aminofenoxi)-3-
oxopentano  (precursor 1  de la presente tesis) y la de sus complejos metálicos. 
 
 
Figura 9. Estructuras de benzopoliéteres sintetizados por Pederson. 
 
 
Pederson no sólo se centró en el reto sintético de este tipo de compuestos sino 
que, además, investigó las posibilidades de formación de complejos metálicos con este 
tipo de poliéteres, sintetizando, entre otros, complejos con metales como Cd2+, Hg2+, Hg+, 
Ag+ e La3+. 
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A partir del derivado 1,5-bis(2-aminofenoxi)-3-oxopentano (precursor 1), se 
llevó a cabo la síntesis de los sensores de fluorescencia L1, L2, L3, y L4 descritos en la 
presente tesis. 
Una de las primeras veces que aparecen publicadas nuevas rutas de síntesis 
sencillas para éteres del tipo amino-benzo corona se remontan al año 1975 y se debieron a 
los trabajos de P. Grieco y Y. Masaki.47 En una de dichas rutas de síntesis partieron del 
nitrofenol para obtener el derivado 1,5-bis(2-nitrofenoxi)-3-oxopentano y, 
posteriormente, mediante reacciones de ciclación obtuvieron con buen rendimiento 
diferentes éteres del tipo amino-benzo corona ( ver figura 10). 
 
En dicho caso, el objetivo fue obtener éteres amino-benzo coronas mediante 
estrategias de síntesis mucho más simples que las que se aplicaban en aquella época para 
este tipo de compuestos. 
 
Figura 10. Estructuras de ligandos del tipo aminobenzocorona sintetizados por Grieco y    
Masaki. 
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Poco después, en 1975, Lockhart48 y colaboradores diseñaron nuevas rutas de 
síntesis de ligandos macrocíclicos tipo EDTA con poliéteres cíclicos partiendo del mismo 
derivado 1,5-bis(2-nitrofenoxi)-3-oxopentano. Obtuvieron y estudiaron la capacidad 
complejante de estos ligandos macrocíclicos hacia cationes metálicos alcalinos (figura 
11). 
 
 
Figura 11. Estructura de las amino-benzo coronas obtenidos por Lockhart. 
 
  
Teniendo en cuenta que las estructuras de dichos sistemas macrocíclicos 
combinaban en su estructura características de ligandos tipo AEDT con poliéteres cílicos, 
se comenzaron a asentar las bases de la química de coordinación “Host-Guest” 
(Anfitrión-Huésped) para este tipo de sistemas, permitiendo modelar sus lugares de 
anclaje para adecuarlos a la complejación de analitos más específicos. 
Previos a los trabajos de P. Grieco y Y. Masaki, en 1965,  los investigadores D. 
Hook y D. Fenton49 reportaron la síntesis de complejos macrocíclicos con estructura 
similar a la amino-benzo corona, pero desde un enfoque sintético diferente, ya que 
realizaron la síntesis a través de reacciones template de condensación alcohólica para la 
síntesis de complejos de coordinación del tipo base de Schiff (figura 12).  
 
Figura 12. Ruta genérica de síntesis template aplicada por Hook y Fenton. 
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Posteriormente, aparecieron interesantes aportaciones de grupos de investigación 
en la síntesis template de ligandos macrocíclicos tipo base de Schiff con estructuras de 
amino-benzo corona. Así, un buen ejemplo de ello son los trabajos publicados por R. 
Bastida, C. Lodeiro50 y colaboradores en 1998, en el que detallan la síntesis de dos 
ligandos macrocíclicos (imino y amino) de 26 miembros con estructuras similares a las 
comentadas anteriormente, así como de sus complejos metálicos de Pb2+ y Ln3+ (figura 
13). 
 
 
Figura 13. Estructura de los ligandos macrocíclicos (imino y amino) de 26 
miembros sintetizados por Lodeiro y colaboradores. 
 
 
 Años más tarde los mismos investigadores y colaboradores publicaron diferentes 
trabajos en los que sintetizan complejos metálicos con Cu2+ y Ca2+ con ligandos 
macrocíclicos del tipo oxo-aza similares a los mencionados anteriormente demostrando la 
versatilidad de dichos sistemas para complejar metales de transición de naturaleza 
intermedia o dura, o bien metales alcalino-térreos de naturaleza claramente dura. 51,52 
Se había iniciado así la aplicación de sistemas similares al derivado 1,5-bis(2-
nitrofenoxi)-3-oxopentano en la síntesis de ligandos macrocíclicos y el estudio de las 
capacidades coordinantes hacia distinto tipo de cationes metálicos.  
Un ejemplo de ello sería el trabajo reportado por Aguilar53 y colaboradores en el 
año 2001, en el que, aparte de la síntesis de cuatro ligandos macrocíclicos del tipo oxo-
aza, describen la potencial aplicación de estos sistemas como herramienta de extracción y 
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transporte de Pb2+, Zn2+ y Cd2+ a través de membranas de triacetato de celulosa ( CTA) 
debido a su alta selectividad hacia dichos iones metálicos (figura 14). 
 
 
 
Figura 14. Representación estructural de los ligandos obtenidos por Aguilar. 
 
 
Otro ejemplo dentro de nuevos materiales, sería el trabajo reportado por A. Isbir54 
y colaboradores en 2006 en el que realizon a partir del derivado 1,5-bis(2-nitrofenoxi)-3-
oxopentano el anclaje de subunidades de benzopoliéteres sobre la superficie de electrodos 
de carbono para estudiar las características de estas superficies modificadas (figura 15). 
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 En lo que se refiere a sistemas acíclicos utilizando el mismo precursor diamínico, 
existen un menor número de trabajos publicados en la literatura centrados en bases de 
Schiff, como los que se describirán en la presente tesis doctoral.   
En 2011, G. Turkoglu55 y colaboradores llevaron a cabo la síntesis de bases de 
Schiff derivadas de 1,5-bis(2-nitrofenoxi)-3-oxopentano y realizaron estudios teóricos de 
los mecanismos de tautomerización que sufren las especies imínicas estudiadas en 
diferentes disolventes (figura 16). Dichas observaciones realizadas por  G. Turkoglu son 
muy similares y a apoyan a las reportadas en nuestro caso para el sensor químico de 
fluorescencia L2 de la presente tesis doctoral. 
 
 
Figura 15. Anclaje de subunidades de benzopoliéter a la superficie del electrodo  
de carbono. 
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Figura 16. Estructuras tautoméricas encontradas por Turkoglu y colaboradores 
mediante cáculos teóricos. 
 
 
Recientemente en 2012, S. Safak56 y colaboladores describieron la capacidad 
anticorrosiva de bases de Schiff acíclicas derivadas de 1,5-bis(2-nitrofenoxi)-3-
oxopentano en superficies de aluminio cuando son sumergidas en HCl 0.1M. De esta 
forma, pudieron comprobar que las bases de Schiff (figura 17) adsorbidas sobre una 
superficie de Al sufren menor corrosión cuando son sometidas a la acción de un solución 
de HCl 0.1M. Estos estudios se llevaron a cabo mediante Espectroscopia de Impedancia 
Electroquímica  y el seguimiento de dichos procesos de corrosión se evaluaron mediante 
Microscopia Electrónica de Superficie (SEM). 
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Figura 17. Estructura general de las bases de Schiff investigadas por Safak como 
inhibidores de corrosión(parte superior). Imágenes de SEM obtenidas de las 
superficies de aluminio sumergidas en ácido sin inhibidor( Blank) y en presencia 
del inhibidor(D1). 
 
 
Como se ha visto hasta ahora en la literatura, la estructura oxo-aza presente en las 
subunidades receptoras de los sensores químicos de fluorescencia aportan lugares de 
anclaje específicos para determinado tipo de cationes metálicos. En nuestro caso, se 
decidió llevar a cabo la obtención de sistemas acíclicos para explorar la mayor 
flexibilidad que ofrecen este tipo de sistemas en comparación con los sistemas 
macrocíclicos hasta ahora descritos.  
En la bibliografía se encuentran diversos ejemplos sobre la incorporación de 
subunidades emisivas en estructuras similares a las descritas en la presente tesis doctoral. 
Por ejemplo, M. Ulyashova57 y colaboradores reportaron la detección colorimétrica de la 
enzima peroxidasa basada en la co-oxidación de derivados de bencidina y 4-cloro-1-
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naftol. Posteriormente, en 2012, A. Helal58 detallaron la síntesis de un nuevo sensor 
químico de fluorescencia con selectividad para iones Zn2+ basado en naftol. 
Cabe destacar que de todas las subunidades emisivas utilizadas para la síntesis de 
los quimiosensores descritos en la presente tesis (L1-L8), el nitrocromeno quizás sea el 
menos empleado hasta el momento como subunidad emisiva presente en la estructura de 
sensores de fluorescencia. A pesar de ello, existen varios trabajos en la literatura en los 
que se estudiaron las propiedades fluorescentes de sistemas con subunidades derivadas 
del cromóforo cromeno. 
Un ejemplo de ello es el trabajo publicado en 2006 por Lvovskaya59 y 
colaboradores, en el que llevaron a cabo estudios del comportamiento de fluorescencia de 
tiazolilcromenos.  
Recientemente el trabajo publicado en 2011 por Arjmand60 y colaboradores 
describe la síntesis de una nueva base de Schiff  heterocíclica y quiral así como sus 
complejos de Zn2+ y Cu2+. Este trabajo explora la interacción de dichos compuestos con 
ADN en comparación con los complejos de cisplatino anticancerígenos utilizados en 
farmacología. Para realizar estos estudios emplearon técnicas espectroscópicas como 
absorción UV/Vis, dicroismo circular de fluorescencia, medidas de viscosidad, entre 
otras. 
En el caso particular de los cromóforos quinolina y pireno, existen un basto 
número de trabajos publicados en los que utilizan dichas subunidades emisivas como 
sondas de fluorescencia para la determinación específica de distinto tipo de analitos.  
En relación con el cromóforo quinolínico, puede utilizarse dicha subunidad para 
“sentir” en disolución diferentes analitos como moléculas orgánicas (ácido tartárico)61, 
cationes metálicos( Al, Zn),62 una vez que el cromóforo posee átomos dadores de N y O 
puediendo actuar como intrínseco, etc.  
Por otro lado, el pireno, se puede encontrar en varios ejemplos de trabajos 
publicados en los que se utiliza como sonda emisiva o colorimétrica para cationes 
metálicos,63-66 ácidos nucleicos67,68, ácidos barbitúricos69 o incluso para la obtención de 
puertas lógicas.70 
Estos sistemas que incluyen subestructuras de pireno, ofrecen una ventaja 
adicional. Además de poder monitorizar las bandas de absorción y emisión características 
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de este sistema, en aquellos casos en los que existen al menos dos subunidades de pireno, 
éstos están lo suficientemente próximos y, además de esto, poseen una cierta flexibilidad, 
pueden originarse la formación de excímeros, exciplexos o dímeros.71,72 Por lo tanto, 
podemos decir que estos sistemas ofrecen un mayor rango de sensibilidad, ya que estas 
especies del estado excitado son altamente sensibles al entorno químico y al medio que 
las rodea.  
En los capítulos 1 a 5 de la presente tesis doctoral, se describirá la síntesis de 6 
nuevos sensores químicos de fluorescencia así como el estudio de las interacciones de los 
mismos con cationes metálicos y aniones tanto en fase gas, disolución y estado sólido. 
Con el objetivo de obtener ligandos emisivos tipo base de Schiff que presentasen 
menor flexibilidad que los sensores descritos L1-L4, se llevó a cabo la síntesis de dos 
nuevos sensores emisivos conteniendo una subunidad receptora de 4,4’-metilen-dianilina 
y dos subunidades emisivas de 2,3-dihidroxibenzaldehido (L5) y 8-hidroxiquinolina (L6).  
Con este tipo de estructura rígida de la subunidad receptora, también se 
pretendían obtener complejos metálicos con una mayor preorganización que en el caso de 
los sintetizados a partir de los sensores L1-L4. Al no tener átomos dadores en la estructura 
de la subunidad receptora se ve favorecida la coordinación de dichos metales con las 
subunidades emisivas, obteniéndose complejos del tipo helicato con estequimetría 
ligando-metal (3:2) y evaluar su capacidad quimiosensora.  
M. Albrecht73 y colaboradores publicaron con anterioridad sistemas de alta 
preorganización similares a los ligandos L5 y L6 de la presente tesis.  
Pensando en obtener quimiosensores más estructurados  el quimosensor base de 
Schiff L3 derivado de la 8-hidroxiquinolina, se estudio la interacción con nanopartículas 
(Nps) de Ag para intentar determinar en qué medida se podía explorar el anclaje directo 
de este sensor a la superficie de las NPs. Se pudo comprobar por espectrometría de 
absorción UV/Vis mediante el seguimiento de la banda plasmónica de resonancia que, 
efectivamente, el compuesto L3 lleva a cabo una interacción con la superficie de las NPs 
de Ag, pero a pesar de ello no se obtuvieron buenos resultados a la hora de intentar 
aplicar este sistema como nanosensores híbridos, debido a la baja estabilidad y baja 
respuesta del sistema.  
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Debido a esto se modificó la estructura de los quimiosensores para 
funcionalización de nanoparticulas, utilizando como subunidad emisiva un derivado de 
fluoresceína con mayor rendimiento quántico de fluorescencia y brillo, al cual se dotó 
mediante modificaciones sintéticas de subunidades receptoras conteniendo grupos tiol. 
Este tipo de receptores presentan mayor especificidad para las NPs de Ag y Au.  
La fluoresceína es una molécula ampliamente estudiada y con aplicaciones en 
bioquimica. El trabajo de Baeyer74 del año 1871, es uno de los primeros publicados 
centrados en el estudio y síntesis del cromóforo fluoresceína. 
 Cabe destacar que se trata de un cromóforo muy utilizado en aplicaciones 
biológicas debido a que sus  bandas de emisión de fluorescencia están centradas en la 
región del visible. Este hecho, junto a su baja toxicidad y biocompatibilidad, hacen de 
esta molécula fluorescente un candidato compatible con los sistemas biológicos. 
A partir de 1940, se comenzó a aplicar este tipo de cromóforos para la detección 
de diferentes moléculas con actividad biológica. En el año 1942, A.H. Coons75 y 
colaboradores publicaron un método para la detección de material antígenico en las 
células de tejido en el que se empleó un anticuerpo marcado con fluoresceína con una 
mancha histoquímica específica.  
Posteriormente, en 1947, J.M. Crismon76 y A. Fuhrman, publicaron un trabajo en 
el que relatan los usos de fluoresceína como indicador del flujo sanguíneo local. Para ello, 
realizaron estudios de la distribución de fluoresceína en los fluidos corporales después de 
inyección intravenosa de una solución de la misma. 
Estas líneas de investigación que engloban la aplicación de derivados emisivos de 
fluoresceína siguen siendo a día de hoy un campo de  investigación en continuo 
desarrollo. Un buen ejemplo de ello, es el trabajo publicado en 2011 por L. Jiang77 y 
colaboradores, en el que utilizan el sulfonato β-naftol como receptor y una sonda 
hidrofílica de fluorescencia derivada de la fluoresceína para realizar la síntesis de un 
sensor químico de fluorescencia selectivo para Zn2+. En la figura 18 se muestra el modo 
de coordinación de dicho catión metálico por el sensor. Este sistema pudo ser usado como 
mecanismo fluorescente de detección y seguimiento de iones Zn2+ en células vivas (figura 
19).  
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Figura 19. Imágenes de microscopia confocal de fluorescencia de células HeLa: 
a) Imagen de campo claro, b) Imagen de fluorescencia después de incubar las células 
durante 1 h con una concentración 10 mM de dicho sensor, c) Imagen de la célula 
tratada con una concentración 10 mM de Zn2+, (d Imagen de fluorescencia de la célula 
tratada con 100 µM de TPEN durante 10 min. 
 
Figure 18. Estructura y modo de coordinación con Zn(II) del sensor químico de 
fluorescencia obtenido por L. Jiang y colaboradores. 
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Existen multitud de trabajos en los que aplican derivados del cromóforo 
fluoresceína como sensores químicos de fluorescencia hacia cationes metálicos,78-80 
aniones,81 moléculas orgánicas,82 determinación de pH,83 etc. Desde un punto de vista 
estructural, la subunidad de fluoresceína aporta una ventaja adicional a la hora de 
construir nanosensores híbridos. Dicha ventaja viene dada por las diferentes cargas 
existentes en la estructura de la fluoresceína a diferentes pHs,84 lo que produce diferente 
carga superficial en la estructura del nanosensor dependiendo ésta del pH al que se 
encuentre. 
 Como es sabido, un gran número de  investigadores  están inviertiendo enormes 
esfuerzos en la síntesis de nanosensores híbridos más eficientes y multifuncionales 
utilizando la conjugación de nanopartículas de diferentes materiales con sensores 
químicos de fluorescencia, como en este caso con derivados emisivos de la fluoresceína. 
 En la literatura, aparece un mayor número de nanosensores utilizando materiales 
basados en sílica, debido a que este material no produce efectos de disminución de 
emisión de fluorescencia por procesos de quenching, como puede ocurrir en el caso del 
oro o la plata. En contraposición a esto, los sistemas formados por NPs de oro o plata 
ofrecen la posibilidad de monitorizar su banda plasmónica de resonancia característica.  
 En 1998  T.K. Jain publicó uno de los primeros trabajos en los que se utilizó un 
derivado de  fluoresceína para la detección de unidades de alto peso molecular (FITC-
dextrano (19,6 kD)) así como diferentes enzimas, encapsulando dichos compuestos en 
nanopartículas de sílica.85  
Años más tarde, en 2005, Yu-Shen Lin86 y colaboradores llevaron a cabo la 
funcionalización de nanopartículas de sílica mesoporosas con fluoróforos localizados en 
el interior de la estructura porosa de las NPs para aplicarlas como etiquetas fluorescentes 
en marcación celular. Este tipo de estructuras mesoporosas ya habían sido utilizadas 
anteriormente por Lin87 y colaboradores como potenciales agentes de contrataste para 
resonancia magnética de imagen, habíendo conseguido introducir átomos de Gd3+ en la 
estructura mesoporosa de las NPs.  
En la figura 20 se muestran las imágenes de microscopia electrónica de 
transmisión en donde se aprecia la estructura ordenada mesoporosa de las NPs así como 
las imágenes de microscopia confocal de fluorescencia de dichas NPs en células.  
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larger excess than that of FITC) in the dark for 24 h.
Separately, cetyltrimethylammonium bromide (CTMAB) was
dissolved in 0.5 M NH4OH (pH ) 11.3) at 40 or 50 °C, and
0.2 M dilute TEOS (in ethanol) was added with stirring. The
stirring was continued for 5 h, then FITC-APTMS was added,
and more dilute ethanolic TEOS was added with vigorous
stirring for 1 h. The solution was then aged at 40 or 50 °C
for 24 h. The final pH of the nanoparticle suspension
decreased to 9. The molar ratio of the reaction mixture was
3000 H2O:28.35 NH3:27.55 C2H5OH:1.00 TEOS:0.31
CTMAB. Samples were collected by centrifuging at 12000
rpm for 20 min, washed, and redispersed with deionized
water and ethanol several times. The solid products were
obtained by centrifuge and dried in the centrifuge tube at 60
°C overnight. The surfactant templates were removed by
extraction in acidic ethanol (1 g of HCl/50 mL of ethanol,
24 h).
By separating the nuclei formation and particle growth
into two steps in dilute alkaline solution, well-dispersed
nanoparticles were formed. The yield of the hexagonal shape
was high, and the size was quite uniform. The transmission
electron microscope (TEM) images showed that both the as-
synthesized and surfactant-free FITC-MSNs were composed
of large numbers of discrete mesostructured nanoparticles
(Figure 1 for the as-synthesized, and Figure S1 of the
Supporting Information for the surfactant-removed nanopar-
ticles). These nanoparticles were uniform in size (about 110
nm when synthesized at 40 °C, Figure 1a) and had well-
defined hexagonal facets, as can be seen in the high-
magnification TEM (HR-TEM) image (Figure 1b). The
internal mesoporous structure is well-ordered, consistent with
the sharp XRD peaks observed. Scanning electron micro-
scope (SEM) images (see Supporting Information, Figure
S2) also showed that FITC-MSNs displayed hexagonal
crystal-like morphology.
The mesostructure of the samples before and after template
removal were examined by X-ray powder diffraction (XRD)
(see Supporting Information, Figure S3). All XRD patterns
exhibited three hexagonal characteristic reflection peaks
(100), (110), and (200). The d100 spacing of extracted FITC-
MSN was 3.86 nm. The physical properties of these
mesoporous silica nanoparticles were analyzed by N2 adsorp-
tion-desorption isotherms (see Supporting Information,
Figure S4 and Table S1); the surface area (910 m2g-1), pore
volume (0.69 cm3g-1), and BJH pore size distribution (2.5
nm) were obtained. The FITC-MSNs exhibited characteristic
type IV BET isotherms, and no hysteresis loop was observed.
In addition, the secondary adsorption step at 0.95 P/P0 was
attributed to the macropores formed among the nanoparticles.
A typical fluorescein emission spectrum was also displayed
by these particles. The as-synthesized mesoporous nanopar-
ticles were very stable and remained suspended in aqueous
solution for more than 6 months.
Cellular uptake of surfactant-free FITC-MSNs was inves-
tigated by confocal microscope, TEM, and flow cytometry.
3T3-L1 fibroblast cells were cultured onto glass coverslips
in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) and pen/strep (penicillin/
streptomycin) at 37 °C in 5% CO2 and 95% air. After 24 h
of cell attachment, cells were treated with FITC-MSNs for
1 h at 37 °C in serum-free medium followed by phosphate-
buffered saline (PBS) wash, and then further incubated in
particle-free medium overnight. Treated cells were fixed with
4% paraformaldehyde and mounted for optical and confocal
microscope examinations. The confocal images (Figure 2)
showed that the nanoparticles have crossed the cell mem-
brane and were internalized into cells, most likely through
endocytosis. The green fluorescence of FITC can be clearly
seen in cytoplasm especially around the nucleus. The green
FITC appears localized as discrete dots, which indicate that
they reside inside the MSNs without much leaching. The
uptake began efficiently as early as 10 min after incubation
and was relatively rapid within the first 1-2 h of incubation.
The amount of nanoparticles engulfed by the cells increased
with the amount of the nanoparticles in the culture medium
and the incubation time saturated at 4 h. For the cell retention
examination, cells were incubated with FITC-MSNs for 1 h
at 37 °C, washed, and further incubated in nanoparticle-free
growth medium with 10% FBS and pen/strep for 1, 3, and
5 d. Figure 3 shows the time evolution of the cells labeled
with FITC-MSNs. As the cell growth progressed, less FITC-
MSNs were detected inside the cells. However, there were
still easily detectable amounts inside the cells on day 5. The
internalization of FITC-MSNs is further confirmed with TEM
examinations. Cells were incubated with FITC-MSNs for 1
Figure 1. TEM images of the as-synthesized FITC-MSNs prepared at 40
°C. The morphology and interior structure of the as-synthesized products
were examined with a JEOL-JSM-1200EX II transmission electron micro-
scope operating at an acceleration voltage of 80 kV.
Figure 2. Confocal images of FITC-MSNs (green) in 3T3-L1 cells; cell
skeleton was stained with rhodamine phalloidin (red). Cells were incubated
with FITC-MSNs for 1 h, washed, and further incubated in particle-free
medium overnight.
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scope operating at an acceleration voltage of 80 kV.
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Figura 20. Imágenes de Microscopia Electrónica de Transmisión (TEM) de las 
NPs de Si (parte su erior). Imágene  d  Microscopia de Fluorescencia 
mostrando las NPs en el interior de las células (parte inferior). 
 
Un ejemplo más reciente de sistemas híbridos entre derivados de fluoresceína y 
NPs de sílica como sensor de cationes metálicos es el trabajo publicado en 2010 por S. 
Seo88 y colaboradores. En este trabajo se describe el empleo de nanopartículas de sílica 
funcionalizadas con fluoresceína como sensor selectivo para Cu2+  en células vivas. El 
esquema de la síntesis d  dicho nanosens r se muestra en la figura 21. 
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En el mismo año, Cheng-Yan Lin89 y colaboradores emplearon los procesos de quenching 
que producen las NPs de Au sobre cromóforos emisivos anclados a muy corta distancia 
de su superficie como método indirecto en la determinación de especies ROS tiol. De esta 
forma, detectaron un aumento de emisión del sistema por el intercambio del ligando 
emisivo, que se encuentra “apagado”, por los ROS tiol, pasando a observarse un aumento 
de emisión en el sistema. El esquema de actuación de este  nanosensor se muestra en la 
figura 22. 
 
 
 
 
 
  
 
Figura 21. Ruta sintética general para la obtención de nanopartículas de sílica 
funcionalizadas con fluoresceína. 
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Un buen ejemplo del estudio de los procesos de quenching llevados a cabo por las 
NPs de Au sobre diferentes cromóforos emisivos (ej. fluoresceína) anclados directamente 
a su superficie, es el reportado por Lim90 y colaboradores en el año 2009. Se llevaron a 
cabo estudios de los procesos de transferencia de energía que originan un quenching en la 
emisión de los cromóforos unidos en relación con el aumento del tamaño de las NPs de 
Au. Como se observa en la figura 23, se produce un incremento en los procesos de 
transferencia de energía del ligando a las NPs llevando consigo una disminución en la 
intensidad de la emisión.  
 
Figura 22. Modo de actuación del sensor de tioles diseñado por Cheng-Yan Lin y 
colaboradores. 
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En este sentido, se decidió modificar estructuralmente la fluoresceína 
(“Fluorescein  free acid”) obteniendo los quimiosensores L7 y L8, dotando al cromóforo 
de dos posibles puntos de anclaje a la superficie de NPs de Au mediante la incorporación 
de dos grupos tiol.  
 
 
 
 
 
Figura 23. Representación esquemática de los procesos de quenching en relación al 
crecimiento de la NPS (parte superior). Espectro de la publicación original de Lim en 
donde se observa una disminución de la emisión con el crecimiento de las NPs. 
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Se conoce en la literatura que el anclaje de compuestos orgánicos con residuos 
tiol a la superficie del oro o la plata es altamente eficaz, una vez que la unión Au-SH / 
Ag-SH son muy favorables. Uno de los primeros trabajos publicados en los que reportan 
el ensamblaje de n-alcanotioles (CH3(CH2)nSH  donde n=1,3,5,7,9,11,15,17 y 21) sobre 
una superficie de Au fue llevado a cabo por Marc D. Porter91  en 1987. 
En dicho estudio concluyeron que las monocapas de cadena larga ancladas en 
superficies de Au tienen un potencial significativo como sistemas modelo para estudios 
de transferencia electrónica heterogénea, el transporte de iones, y fenómenos de doble 
capa. 
Años más tarde, en 1994, M. Brust92 y colaboradores utilizando las 
consideraciones aportadas por Marc D. Porter realizaron la síntesis de NPs de Au 
protegidas con derivados de tiol. En el mencionado trabajo informan de la síntesis de este 
tipo de NPs en un sistema bifásico líquido-líquido. 
 Otro ejemplo importante a mencionar es el trabajo de S. Roux93 en el que 
llevaron a cabo la síntesis y caracterización de NPs de Au funcionalizadas con ácido 
dihidrolipoico (figura 24). En dicho trabajo, al igual que en el de M. Brust, realizaron la 
reducción del oro por parte del NaBH4 en presencia de  compuestos derivados de tiol. Las 
NPs que reportó S. Roux, fueron funcionalizadas con luminol a través de reacciones de 
acoplamiento entre los grupos ácidos del ácido dihidrolipoico con el mencionado 
cromóforo. 
 
 
 
 
 
 
  
!
Introducción 
!
! !
38 
 
Figura 24. Funcionalización de NPs de Au con ácido dihidrolipoico. 
 
Asi se puede afirmar que Brust y Roux realizaron una  síntesis “in situ” de las 
NPs protegidas con los derivados de tiol.  
En el caso de la plata, en 1999 N.R, Jana94 y colaboradores informaron del 
crecimiento de pequeñas nanopartículas de plata por efecto de una reacción redox entre el 
borohidruro y diferentes cromóforos entre los cuales el 2,7-diclorofluoresceína. 
 Esta reacción redox está catalizada por la interacción del cromóforo con la 
superficie de la nanopartícula de plata. Observaron que la tasa de la reducción, catalizada 
por partículas en crecimiento, es claramente más rápida en comparación con el de 
partículas de plata estables y de mayor tamaño. 
La catálisis es debido a la transferencia eficiente de electrones de las 
nanopartículas mediada por los iones BH4- para el colorante/cromóforo. La actividad 
catalítica de las partículas depende de su tamaño, del valor de E1/2 del cromóforo así 
como de la interacción cromóforo-nanopartícula.  
Se observó también que la reducción del cromóforo es cinéticamente 
desfavorable en ausencia de las nanopartículas de plata, desempeñando estas el papel de 
catalizador. Una importante observación del trabajo de Jana y colaboradores fue el 
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período de inducción (período necesario para iniciarse el proceso catalítico), el cual puede 
ser inhibido en gran medida por la interacción de surfactantes en la superficie de las NPs.     
En la figura 25 se muestra el esquema del crecimiento de las nanopartículas de plata por 
efecto de la reacción redox catalizada por las NPs. 
 
 
 
Figura 25. Crecimiento de las nanopartículas de plata mediado por efecto redox. 
 
Estos resultados son similares a las que observamos en nuestro caso  para las Nps 
de Ag sintetizadas en tolueno y descritas en el capitulo 6 en donde se produce un aumento 
notable de la intensidad en la banda plasmónica de resonancia del coloide al adicionar 
cantidades crecientes del sensor químico derivado de la fluoresceína. Probablemente 
debido a la presencia de trazas de NaBH4 presentes en la solución de NPs en tolueno. 
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Z. Yin-Wei95 y colaboradores utilizaron nanopartículas de Ag para la obtención 
de una plataforma de detección fluorescente para la determinación de ácidos nucleicos. 
Para obtener la mencionada sonda de fluorescencia, realizaron un etiquetado con FAM 
(derivado de fluoresceína) unido covalentemente a ADN monocatenario (FAM-DNAss) 
para llevar a cabo el anclaje de esta especie de ADN etiquetado con el cromóforo a la 
superficie de las nanoparticulas de plata. De este modo, cuando la sonda emisiva se pone 
en contacto con ADN, las unidades de FAM-DNA se liberan de la superficie de las NPs 
pasando a formar uniones con cadenas de ADN complementarias presentes en la 
disolución. Este fenómeno dará lugar a un aumento notable en la emisión del sistema. 
Una representación esquemática del modo de actuación de la plataforma fluorescente 
anteriormente mencionada se encuentra reflejado en la figura 26. 
 
 
Figura 26. Modo de actuación de las nanopartículas de Ag para la obtención de 
una plataforma de detección fluorescente en la determinación de ADN. 
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1.4. OBJETIVOS Y PLAN DE TRABAJO 
 
 El objetivo principal de la presente tesis doctoral se centró en el diseño, síntesis y 
caracterización de nuevos sensores químicos de fluorescencia, así como el estudio de su 
capacidad sensora hacia diferente tipo de analitos: cationes metálicos, aniones y 
disoluciones de gases tóxicos (dietilclorofosfato y trietilfosfato). 
 En una primera parte del trabajo se desarrolló la síntesis de seis nuevos sensores 
químicos de fluorescencia acíclicos (L1-L6) conteniendo todos ellos dos subunidades 
emisivas (figura 1).  
Se llevaron a cabo estudios comparativos entre diferentes cromóforos emisivos 
con o sin átomos dadores, y se exploró la capacidad complejante hacia los diferentes tipos 
de analitos mencionados anteriormente. 
Asimismo, se comparó la diferente flexibilidad presentada por los 
quiomiosensores que incorporaban cadenas de poliéteres en la unidad receptora (L1, L2, 
L3, L4) con aquellos quimiosensores (L5, L6) que mostraron mayor preorganización al 
contener una subunidad receptora mucho más rígida. 
Con el objetivo de obtener nuevos nanosensores híbridos fluorescentes más 
sensibles  y con mayor rendimiento cuántico se realizó el anclaje de este tipo de ligandos 
emisivos sintetizados sobre la superficie de nanopartículas (NPs) metálicas de plata. En el 
caso concreto del quimiosensor L3 se observó la existencia de una interacción con la 
superficie de las NPs y se describe en el capitulo 4. 
Con el objetivo de minimizar los posibles impedimentos estéricos que pueden 
existir en los sensores acíclicos incorporando dos unidades cromofóricas anteriormente 
comentados y facilitar de este modo el anclaje del ligando a la superficie de las Nps 
metálicas, se diseñaron y sintetizaron los compuestos L7 y L8 conteniendo tan sólo una 
única subunidad emisiva de fluoresceína. Se obtuvieron satisfactoriamente nanosensores 
híbridos mediante la conjugación de estos sistemas con suspensiones coloidales de 
nanoparticulas de oro y/o plata tanto en medios orgánicos como en medios acuosos. 
 Se realizaron estudios espectroscópicos por absorción y emisión así como 
seguimiento de estos sistemas por Microscopia Electrónica de Transmisión para 
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determinar la capacidad sensora de estos nuevos sistemas híbridos hacia  diferentes 
cationes metálicos empleando para ello sales de iones de metales de transición y post-
transición: Cu2+, Zn2+ y Cd2+ y Hg2+; así como disoluciones de los gases tóxicos 
dietilclorofosfato (precursor del gas sarín) y el trietilfosfato (derivado del 
dietilclorofosfato no reactivo).  
Hemos podido comprobar que la capacidad sensora de estos nuevos materiales 
híbridos ofrece grandes ventajas con respecto a los sistemas emisivos por si solos, 
permitiendo introducir un nuevo punto de posible unión con los analitos así como nueva 
información espectroscópica del sistema que aporta mejoras en la monitorización y 
detección de los analitos. 
 Por último y con el fin de evaluar el carácter tóxico de dichas nanoparticulas y 
explorar su aplicación como nuevos bio-marcadores fluorescentes en células y tejidos, se 
ha llevado a cabo un estudio de nanotoxicidad empleando las NPs de Au y Ag descritas 
en el capitulo 6. Como modelo se han escogido el organismo acuático de agua dulce, 
carpa dorada (gold fish) Los resultados preliminares mostraron diferentes efectos tóxicos 
dependiendo de la forma de la nanoparticula y el ligando utilizado. Asi mismo se pudo 
comprobar que los sistemas solubles en agua sirve como marcadores para células y 
tejidos en estudio in Vitro e in Vivo. 
 
 
  
!
Introducción 
!
! !
43 
 
 
Figura 27. Representación esquemática de los quimiosensores L1-L8 desarrollados en la 
presente tesis doctoral. 
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Chapter 1 
β-naphthol as chromophore in a new molecular probe: 
Exploiting anionic and cationic interactions with a new 
emissive imine-based  
 
1. Abstract 
A new emissive molecular probe derived from 1,7-bis(2’-formylphenyl)-1,4,7-
trioxaheptane and 2-hydroxy-1-naphthaldehyde has been synthesized by a Schiff-base 
condensation method. Its sensor capability towards cations such as Cu2+, Zn2+, Cd2+ and Hg2+, 
and anions such as halides (F-, Cl-, Br- and I-) and CN- was explored in DMSO solution. The 
geometry was optimized using Density Functional Theory (DFT). The probe showed 
remarkable selectivity for Cu2+ and interaction with the more basic anions CN- and F-.  
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2. Introduction 
 The development of new molecules whose properties can be modulated by interaction 
with anions1 and cations2 has received considerable attention in recent years. A fluorescence 
chemosensor or molecular probe is a system that exhibits changes in its properties upon 
interaction with an analyte. A fluorescence chemosensor is composed of receptor, chromophore 
and spacers. The receptor acts as a recognition unit for the target analyte. The chromophore 
exhibits changes in its optical signal (fluorescence or color) when the sensing takes place. The 
spacer links chemically receptor and chromophore units.3 
Schiff-base compounds incorporating a phenol or β-naphthol units have been reported 
as successful sensors due to their strong ability to detect metal ions and/or anions.4 The presence  
 
of a hydroxyl group, potentially proton donor, can be used to modulate the fluorescence 
emission or colorimetric properties upon deprotonation, using PPT (Photoinduced Proton 
Transfer) or ESIPT (Excited State Intramolecular Proton Transfer) mechanisms.4 Some of these 
compounds have been reported as selective sensors for Hg2+ and Cu2+; these sensing effects can 
be determined using fluorescent (Hg2+) or electrochemical (Cu2+) measurements.4c,5 
 The synthesis of selective fluorescence chemosensors for soft-transition and post-
transition metal ions with toxic effects in the environment (e.g. Cu2+, Hg2+, Cd2+ and Pb2+ has 
attracted considerable attention, due to the need of finding new methods for the rapid 
determination of these metals in environmental analysis and industrial wastewater treatment.6 It 
is also important to detect anions such as cyanide, hydroxide, phosphate or halides, due to their 
extensive use in areas such as metallurgy, the plastic industry, photography and lithography 
processes, as well as medicine.7 These anions have important negative impacts in the 
environment: cyanide, for example, is extremely toxic even in very low concentrations, being 
lethal to humans. Efforts are now focused on the synthesis of multifunctional molecular probes 
capable of recognizing both metal ions and anions. 
 As a part of our ongoing research in the design and synthesis of new fluorescence 
chemosensors8  and matrix assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS) active probes, we present a new fluorescence ligand L1, containing two 
emissive β-naphthol units as chromophores. Compound L1, whose absorption and emission 
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spectra are in the visible region, has been synthesized following a one-pot method using a 
Schiff-base condensation reaction. The presence of a complex chelating unit formed by two 
hydroxyl groups, two imine nitrogens, and the three oxygen atoms of a poly-oxa chain, gives 
the molecule strong recognition capability towards metal ions through formation of coordination 
compounds. Moreover, when the receptor has the hydroxyl groups protonated, it also allows the 
recognition of anions through the formation of hydrogen bonds. 
The effect of cations such as Cu2+, Zn2+, Cd2+ and Hg2+, and anions such as Cl-, F-, Br-, I- 
and CN-, on the absorption, fluorescence and MALDI-TOF-MS spectra has been studied. To 
conduct the analyses, the ligand was dissolved in DMSO or acetone and titrated with the 
analytes. A remarkable selectivity towards Cu2+, and strong interaction with F- and CN- was 
observed. Moreover, metal complexes with Cu2+, Zn2+ and Cd2+ were synthesized, in order to 
confirm the stoichiometry observed in solution by absorption and fluorescence spectroscopy. 
 
3. Experimental section 
3.1. Physical Measurements 
Elemental analyses were carried out at the REQUIMTE DQ Service (Universidade 
Nova de Lisboa), on a Thermo Finnigan-CE Flash-EA 1112-CHNS instrument. Infrared spectra 
were recorded as KBr discs using Bio-Rad FTS 175-C spectrophotometer. Proton NMR spectra 
were recorded using a Bruker WM-400 spectrometer. MALDI-TOF-MS analysis were 
performed in a MALDI-TOF-MS model voyager DE-PRO biospectrometry workstation 
equipped with a nitrogen laser radiating at 337 nm from Applied Biosystems (Foster City, 
United States) at the REQUIMTE DQ, Universidade Nova de Lisboa. The acceleration voltage 
was 2.0*104 kV with a delayed extraction (DE) time of 200 ns. The spectra represent 
accumulations of 5*100 laser shots. The reflectron mode was used. The ion source and flight 
tube pressures were less than 1.80*10-7 and 5.60*10-8 Torr, respectively. The MALDI mass 
spectra of the soluble samples (1 or 2 µg/µL) such as metal salts and anions were recorded using 
the conventional sample preparation method for MALDI-MS. 1µL was placed on the sample 
holder on which the chelating ligand had been previously spotted. The sample holder was 
inserted in the ion source. Chemical reaction between the ligand and the analyte occurred in the 
holder and complexed species were produced. 
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Absorption spectra were recorded on a Perkin Elmer lambda 35 spectrophotometer, and 
fluorescence emission on a Perkin Elmer LS45. The linearity of the fluorescence emission vs. 
concentration was checked in the concentration range used (10-4-10-6 M). Corrections for the 
absorbed light and dilutions were performed when necessary. All spectrofluorimetric titrations 
were performed as follows: a stock solution of the ligand (ca. 1.00*10-3 M) were prepared by 
dissolving an appropriate amount of the ligand in a 50 mL volumetric flask and diluting to the 
mark with DMSO UVA-sol. The titration solutions ([L1] = 1.00*10-6 and 1.00*10-5 M) were 
prepared by appropriate dilution of the stock solution. Titrations were carried out by addition of 
microliter amounts of standard solutions of the ions dissolved in absolute ethanol or DMSO. 
Fluorescence spectra of solid samples were recorded on the Horiba-Jobin-Yvon SPEX 
Fluorolog 3.22 spectrofluorimeter using a fiber optic device exciting at appropriated λ (nm) the 
solid compounds. 
Cu2+ determinations were performed in a Varian model Zeeman spectrAA300 plus 
atomic absorption spectrometer in combination with an auto sampler; pyrolitic graphite-coated 
graphite tubes with platform were used. For the determination of copper concentration, 20 µL of 
solution were injected into the graphite furnace, where it was dried, ashed and atomized. The 
signal was measured in the peak area mode. Each completed determination was followed by a 2 
s clean-up cycle of the graphite furnace at 2800 ºC. During the drying, ashing, and clean-up 
cycles, the internal argon gas was passed through the graphite furnace at 300 mL/min. The 
internal argon gas flow was interrupted during the atomization cycle, but was restored for the 
clean-up cycle. The relative standard deviation among replicate was typically <5%. 
The FAAS measurements of Zn2+ were made using a Varian (Cambridge, UK) atomic 
absorption spectrometer model SpectrAA 20 plus equipped with a 10 cm burner head. A 
hollow-cathode lamp operated at 5 mA was used. The wavelength used was 213.9 nm, and the 
slit width 1.0 nm. 
 
3.2. Synthesis of precursor 1 
 O-Nitrophenol (25.43 g, 0.10 mmol) in absolute ethanol (200 mL) was treated with 
potassium hydroxide (10 g, 0.10 mmol) slowly in 4 g portions. The solution was stirred during 2 
h. The orange solid formed was filtered off and dried under vacuum. This solid was 
characterized as compound a (yield = 94%). Dichloro-3-oxopenthane (8.10 mL, 0.07 mmol) 
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was added to a solution of compound a (24.42 g, 0.14 mmol) in DMF (35 mL). The mixture 
was refluxed for 4 h and then was poured into water / ice (210 mL). The pale yellow precipitate 
formed was filtered off and washed with distilled water. The product was recrystallized in hot 
acetone and was characterized as compound b (yield = 55%). 
 To a solution of compund b (6.96 g, 0.024 mmol) in absolute ethanol (250mL) was 
added 0.2 g Pd/C, used as catalyst. The mixture was refluxed for 15 min and then hydrazine 
hydrate (20 mL) was added slowly in 5 mL portions. The resulting solution was refluxed for 2 
h, filtered off over celite and concentrated to dryness. The product was recrystallized from 
ethanol to give white crystals of compound precursor 1 (yield = 85%). 
Precursor 1. Colour: yellow (85 %). Anal. Calc. for C16H20N2O3·H2O: C, 64.90; H, 
7.83; N, 8.37. Found: C, 64.91; H, 7.34; N, 8.57. IR (KBr, cm-1 ) 3360 ν(NH2); 1590 ν(Ph). 1H 
NMR (400 MHz, DMSO-d6) δ (ppm): 6.9-6.7(m, 8H, C6H4); 4.3 (t, 4H, OCH2CH2); 3.9 (m, 
4H). UV-vis (CH3CN λ (nm), ε (dm3.mol.cm-1): (240, 16781); (290, 6880). 
 
3.3. Synthesis of  L1 
A solution of 1,7-bis(2’-formylphenyl)-1,4,7-trioxaheptane (1 mmol) in absolute 
ethanol (40 mL) was added dropwise to a solution of and 2-hydroxy-1-naphthaldehyde (2 
mmol) in the same solvent (30 mL). The resulting solution was gently refluxed with magnetic 
stirring for ca. 2 h. The initial yellow colour of the solution changed quickly to orange. The 
solution, kept under Argon atmosphere, was stirred for 4h. A yellow powder precipitate formed, 
which was then filtered off, washed with cold absolute ethanol and cold diethyl ether, and dried 
under vacuum.  
 L1: Colour: yellow (70%). Anal. Calc. for C38H22N2O5.0.5H2O: C, 75.35; H, 5.50; N, 
4.63. Found: C, 75.55; H, 5.26; N, 4.54. IR (KBr, cm-1): 1620 ν(C=N)imine; 1456 ν(C=C); 1158 
ν(C-O-C). H1 NMR (400 MHz, DMSO-d6) δ (ppm): 9.83 (d, 2H, Ar-OH); 9.68 (d, 2H, CHimine); 
6.68-8.07 (m, 20H, Ar-H);  4.11 (d, 4H, Ar-O-CH2); 3.79 (d, 4H, CH2-O-R). MALDI-TOF-MS 
(m/z):  597.2 [L1H]+. 
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3.4. Synthesis of metal complex of L1 
Work was performed under argon atmosphere using vacuum line techniques, as well as 
dried solvents. A solution of the corresponding metal salt (0.15 mmol) dissolved in absolute 
ethanol (10 mL) was added to a refluxing solution of L (0.15 mmol) in DMSO/acetone (90/10 
v/v, 20 mL). The resulting mixture was stirred overnight at room temperature. A precipitate was 
formed, which was then filtered off, washed with cold diethyl ether and dried under vacuum. 
 
[CuL1](CF3SO3)2.4H2O: Colour: dark orange (73%). Anal. Calc. for C38H38CuN2O9: C, 
62.50; H, 5.24; Cu, 8.70; N, 3.84. Found: C, 62.32; H, 5.31; Cu, 8.92; N, 3.66. IR (KBr, cm-1): 
1615 ν(C=N)imine, 1460 ν(C=C). MALDI-TOF-MS (m/z): 597.2 [L1H]+; 657.3 [L1Cu-2H]+; 
673.5 [L1Cu(H2O)]+. The compound is soluble in chloroform, acetone, DMSO and insoluble in 
water and diethyl ether. 
 [ZnL1](CF3SO3)2.H2O: Colour: yellow (26%). Anal. Calc. for C41H34F9N2O15S3Zn: C, 
43.68; H, 3.04; N, 2.49; S, 8.53; Zn, 5.80. Found: C, 43.92; H, 3.31; N, 2.66; S, 8.93; Zn, 5.30. 
IR (KBr, cm-1): 1622 ν(C=N)imine; 1458 ν(C=C) cm-1. MALDI-TOF-MS (m/z): 597.7 [L1H]+; 
661.3 [L1Zn-H]+. The compound is soluble in chloroform, acetone, DMSO and insoluble in 
water and diethyl ether. 
 [CdL1](ClO4)2.2H2O: Color: yellow (22%). Anal. Calc. for C38H36CdCl2N2O15: C, 
48.35; H, 3.84; N, 2.97. Found: C, 47.95; H, 3.51; N, 2.66. IR (KBr, cm-1): 1640 ν(C=N)imine; 
1456 ν (C=C). MALDI-TOF-MS (m/z): 597.4 [L1H]+; 710.8 [L1Cd]+. The compound is soluble 
in chloroform, acetone, DMSO and insoluble in water and diethyl ether. 
 
4. Results and Discussion 
Ligand L1 was synthesized following a one-pot method, by direct condensation of 1,7-
bis(2’-formylphenyl)-1,4,7-trioxaheptane9 (precursor 1) and the commercial carbonyl precursor 
and 2-hydroxy-1-naphthaldehyde. The reaction pathway is shown in Scheme 1. 
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Scheme 1. Reaction-pathway of compound L1 and its complexes. 
 
Elemental analysis data confirm that the Schiff-base L1 was isolated pure. The infrared 
spectrum (in KBr) shows a band at 1620 cm-1 corresponding to the imine bond, and no peaks 
attributable to unreacted amine or carbonyl groups were present. The absorption bands 
corresponding to the ν(C=C) vibrations of the phenyl groups appear at 1456 cm-1. A band 
attributable to the C–O–C chain can be observed at 1158 cm-1. The MALDI-TOF-MS spectrum 
of L1 shows a parent peak at 597.2 m/z, corresponding to the protonated form of the ligand 
[L1H]+. The 1H NMR spectrum shows a peak at ca. 9.68 ppm, corresponding to the imine 
protons, and no signals corresponding to the amine protons are present.  
Density functional theory (DFT) calculations have been used to evaluate the stability of 
the proposed copper(II) complexes and provide structural information.10 Several conformations 
have been considered for each compound, with special consideration to the sampling of both 
extended and coiled structures. The extended conformations for the free ligand, in which the 
tether between the chelating groups adopt an antiperiplanar conformation at every bond, are 
stable in solution; L1 a, in which the most polarized regions are accessible by the solvent, is the 
lowest in energy. However, this trend is inverted if we consider the gas phase structures: a 
structure in which the ether oxygen atoms are in gauche is then the preferred conformation. 
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In this framework, copper(II) coordinates to a doubly deprotonated L1 to yield a neutral, 
covalently bonded 1:1 complex (L1:Cu2+), with square planar geometry. The calculated Cu-O 
and Cu-N distances are very similar to those observed in the crystal structures of copper(II) 
complexes of the hydroxynaphtalenic Schiff bases published by Fernández-G.11 Our values of 
1.94 Å for copper-oxygen bonds and 2.03 Å for copper-nitrogen bonds match the 1.9 and 2.0 Å 
reported by Fernández-G. Moreover, as in the case of their non-tethered ligands, both the two 
copper-nitrogen and the two copper-oxygen bonds are collinear in our complex. Other possible 
geometries for the coordination site that we have studied either converged to the structure of 
L1:Cu, or led to structures considerably higher in energy. 
 
When considering the structure of L1, it is reasonable to expect that the polyether chain 
might play a role in the ligand’s coordination to copper(II). Thus, several of the starting 
structures considered a helical conformation of L1 in which all its heteroatoms were at bonding 
distance from the central metal cation (about the actual bond distance for the naphtol oxygens 
and imine nitrogens and 2.5 Å for the ether oxygens). During the corresponding geometry 
optimizations the polyether chain relaxed away from the copper(II) ion, and the structures 
converged to L1-a. We have also considered the possibility of copper(II) coordination to the 
non-deprotonated naphthol oxygens: this resulted in a structure not dissimilar to the neutral 
complex, with slightly shortened Cu-N bonds (2.0 Å) and elongated Cu-O bonds (2.0-2.1 Å). In 
this case, the metal site is slightly less planar; this loss of planarity is more evident on the 
ligand, in which the extended conjugation seems to be broken at the nitrogen sites. 
 
4.1. Spectroscopy Studies 
To confirm the results obtained in solution by absorption and emission spectroscopy 
when studying the interaction of the ligand with the metal ions studied, some solid metal 
complexes were prepared by direct reaction between L1 and Cu(CF3SO3)2, Zn(CF3SO3)2, and 
Cd(ClO4)2.6H2O, by addition of the metal salt dissolved in absolute ethanol to a hot stirred 
solution of  L1 in DMSO. In all cases, pure mononuclear complexes have been characterized. 
The synthesis was also attempted using Hg(CF3SO3)2; however, no analytical pure product was 
recovered on this case. The number of metal ions in each complex has been determined by 
atomic absorption spectrometry following methods reported previously;12 all compounds were 
characterized by the usual techniques. 
!!
!
 Chapter 1 
!
! !
61!
Ligands with absorption and emission spectral bands located in the visible region open 
up multiple possibilities in a variety of fields, from environmental analysis to biomedical 
research. The absorption spectrum of ligand L1 in DMSO (neutral pH) exhibits three bands at 
328, 450 and 472 nm. The band at 328 nm corresponds to the π-π* transitions of the benzyl 
rings, and the last two bands to the π-π* transitions associated with the naphthol groups. The 
ligand exhibits a broad emission band centered at 508 nm (also in DMSO) with a relative 
fluorescence quantum yield of φ = 0.025, when excited at 445 nm. The fluorescence quantum 
yielded was determined using as the reference a solution of Ru(bpy)32+ with φf = 0.06 in 
acetonitrile.13 
Upon addition of Cu(CF3SO3)2 dissolved in absolute ethanol, the bands at 450 and 472 
nm disappear. (see figure 1A). The presence of a well-defined isosbestic point at 414 nm 
indicates that only two species are in equilibrium, the free ligand and the metal complex. The 
association constant of the Cu2+-L1 complex, calculated with the program SPECFIT-32, is log K 
= 5.81 ± 0.10.14 This value was obtained from the absorption and fluorescence emission 
titrations, and it is slightly higher than the value previously reported by Duan and co-workers 
for a similar 2-hydroxyl-naphthalene derivative.4c Upon addition of one equivalent of Cu2+, the 
fluorescence emission was quenched in ca. 80% (See figure 1B). The molar ratio obtained was 
1:1 M:L1. This quenching of the emission upon complexation reflects the dissociation of the 
hydroxyl group of the naphthol moiety, which leads to the formation of the less emissive 
naphtholate anion.4a 
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Figure 1. Spectrophometric (A) and spectrofluorimetric (B) titrations of ligand L1 in DMSO as 
a function of increasing amounts of Cu(CF3SO3)2. The insets show the absorption at 445 and 
472 nm, and the normalized fluorescence intensity at 506 nm. [L1] = 1.00.10-5M; λexc = 445 nm. 
 
The behavior of L1 in the presence of increasing amounts of Zn2+, Cd2+ and Hg2+ was 
studied by absorption and emission spectroscopy. Even after addition of up to 30 equivalents of 
each metal ion, no significant changes in absorption or emission were observed. Competitive 
experiments were also carried out: only when Cu2+ was added to the solution a remarkable 
interaction was observed. There is a strong interaction with the copper ion through coordination 
between the metal and the hydroxyl groups of the β-naphthol units. Zn2+, Cd2+ and Hg2+, cannot 
remove the protons by coordination and thus do not affect the native fluorescence emission. 
The solid metal complexes were synthesized in order to check the ligand-metal molar 
ratio. Only for the Cu2+ complex the analytical data fit well with what would be expected for a 
neutral complex, suggesting coordination through the deprotonated hydroxyl groups. However, 
solid Zn2+ and Cd2+ complexes have been isolated with two counter ions. This could explain 
why these two metals, as well as Hg2+, do not affect the fluorescence emission of the β-naphthyl 
groups; it is likely that the coordination takes place through the imine bonds and the poly-oxa 
chain, too far from the emissive chromophore units. In the solid state all complexes show a very 
low fluorescence emission centered at ca. 524 nm, ten nm blue-shifted from the free ligand. 
We have also studied the interaction of L1 in DMSO with the anions F-, Cl-, Br-, I- and 
CN-. Compounds containing OH or NH binding groups can be used to study anionic 
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interactions: it is the formation of X-…H-O hydrogen interactions which leads to the recognition 
event. Excess of these anions can also cause deprotonation, resulting in a classical Bronsted 
acid-base reaction.2d,15 The deprotonation usually results in a dramatic change in the color of the 
solution, or/and intense modification of the fluorescence spectra. Addition of negative charged 
anions can deprotonate both hydroxyl groups of the β-naphthyl units. 
In our case, these interactions were observed only for CN- and F-. Absorption and 
emission titrations are represented in figures 2A to 2D. In the absorption spectrum, the bands at 
450 and 472 nm disappear; this decrease is more intense for the case of cyanide. At the same 
time, a small band centered at 521 (CN-) or 535 nm (F-) can be observed. The association 
constants obtained from the absorption spectra, calculated with the SPECFIT-32 program,14 
point towards the formation of one molecular species with stoichiometry of 1:1 (CN:L1) in the 
case of cyanide, and two species for fluoride, with 1:1 and 2:1 stoichiometry (F:L1). The values 
for the constants are log K = 3.70 ± 0.05 (CN-), log K = 4.51 ± 0.20 (1:1 F-) and log K = 7.31 ± 
0.23 (2:1 F-) respectively. Figures 2B and 2D shows the fluorescence emission titration upon 
addition of (Bu4N)F and (Bu4N)CN, respectively. A strong quenching effect was observed for 
both anions, with the interaction constant for fluoride being larger than for cyanide. The 
association constants obtained from the fluorescence spectra agree with those obtained from the 
absorption ones, which again confirms the formation of the less emissive naphtholate species. 
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Figure 2. Spectrophometric (A) and (C) and spectrofluorimetric (B) and (D) titrations of ligand 
L1 in DMSO as a function of added (Bu4N)F and (Bu4N)CN, respectively. The insets show the 
absorption at 275 and 377 nm for fluoride and at 470 and 520 nm for cyanide additions; and the 
normalized fluorescence intensity at 504 nm (F-) and  at 506 nm (CN-) [L1] = 1.00.10-5 M; λexc = 
445 nm. 
 
4.2. MALDI-TOF-MS studies 
Several MALDI-TOF-MS mass spectra were obtained, using the free ligand L1 
dissolved in acetone without any matrix, and upon titration with Cu2+ and cyanide. The ligand 
peak in the MALDI-TOF-MS positive mode appears at 597.1 m/z; this peak can be attributed to 
the protonated species [L1H]+. In negative mode the peak appears at 595.1 m/z, corresponding 
to the species [L1]. (See Figure 3, panels A and B). 
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Figure 3. MALDI-TOF mass spectra of ligand L1 in positive (A) and negative (B) modes in 
acetone. Panel C shows the spectrum (positive mode) after titration with Cu(CF3SO3)2 (one 
equivalent of metal). Panel D shows the spectrum (negative mode) after the addition of ten 
equivalents of (Bu4N)CN solution. 
In positive mode, upon addition of one equivalent of Cu2+, the peak attributable to the 
ligand disappears, and a new peak with 100% of intensity appears at 660.09; this peak 
corresponds to the mononuclear species [L1Cu]+. A second small peak at 722.0 m/z, attributable 
to the dinuclear species also was formed. (See also figure 3, panel C). The pattern of the 
mononuclear peak observed at 660.09 m/z fits well with a complex isotopic model obtained 
using the program from the DATA EXPLORER instrument (see figure 4). This model takes 
into account several species with formula C38H32CuN2O5 [L1Cu]+, C38H31CuN2O5 [L1Cu-H]+, 
C38H30CuN2O5 [L1Cu-2H]+ and C38H29CuN2O5 [L1Cu-3H]+. This suggests the formation in gas 
phase of several protonated complexes, by losing one hydroxyl protons, two and tree protons in 
the ligand. The most intense signals corresponded to isotope model 2, attributable to the species 
[L1Cu]+. As it can be seen in figure 4, the sum of the four isotopic models suggested fits well 
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with the experimental peak obtained. The same model can be applied for the dinuclear peak at 
722.0 m/z , formed only in the gas phase. 
 In the negative MALDI-TOF-MS mode, addition of ten equivalents of CN- induced the 
formation of two peaks at 680.15 m/z and 834.86 m/z, attributable to the formation of the 
species [L1CN(CH3COCH3)]- and [L1(CN)2(C12NH28)]-, respectively (See figure 3, panel D). 
Unfortunately, no peak was observed when the ligand was titrated with a stoichiometrical 
quantity of fluoride anion; for higher concentrations of fluoride (10 equivalents) the peak 
corresponding with the [L1F]- species was observed. The results from these experiments suggest 
that L1 can be used to sense Cu2+ in positive MALDI-TOF-MS mode, and cyanide by 
MALDITOF-MS negative mode. The results from these experiments suggest that L1 can be 
used to sense Cu2+ in positive MALDI-TOF-MS mode, and cyanide by MALDI-TOF-MS 
negative mode.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. ISOTOP model for the peak at 660.09 m/z observed in the MALDI-TOF mass 
spectrum of ligand L1 upon addition of one equivalent of Cu(II); the peak can be attributed to 
the [L1Cu]+ complex. 
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4.3. DFT Studies 
In order to discard an acid-base reaction between L1 and the basic anions, instead of a 
supramolecular interaction, several DFT studies were performed. In contrast with its 
coordination to metal cations, the complexation of L1 with the anionic ligands CN- and F- takes 
place through non-covalent interactions, making use of the polar naphtol groups to stabilize the 
negative charge in the anions with hydrogen bonds. We have optimized the geometry of the 1:1 
complexes with CN- and F-; in both cases, the most stable structure is that in which two 
hydrogen bonds are formed with the anion. In the case of CN-, the interaction gave a linear 
structure, as expected from the available orbitals, with a N-H bond of 1.6 Å N-H bond and a C-
H bond of 1.7 Å. For F-, the most stable structure displays a 90º H-F-H angle (the F-H-O angles 
are still linear), with F-H distances of 1.4 Å, even if another linear minimum is found to be only 
2.9 kcal/mol less stable. Somewhat higher in energy for both anions (about 14 kcal/mol), 
however, lie the other complexes where the anion has abstracted one of the protons (which then 
forms a hydrogen bond with the resultant naphtolate) and interacts with the other through a 
hydrogen bond (see figures 5 and 6).  
 
Figure 5. Ball-and-stick representation of the structure of the free ligand (L1) and its copper(II) 
complex optimized at the B3LYP/6-31G(d), LANL2DZ level. 
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Figure 6. Ball-and-stick representation of the most stable CN- and F- complexes of  L1 
optimized at the B3LYP/6-31G(d), LANL2DZ level. !!!!!!!!! !!!!!!!!!
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Chapter 2  
6-nitro-4-oxo-4H- chromene as component of a novel 
versatile imine/enamine chemosensor: Ion detection in 
solution, solid and gas-phase. 
 
1. Abstract 
A new versatile emissive molecular probe L2 derived from 1,5-bis(2-aminophenoxi)-3-
oxopenthane bearing two units of 6-nitro-4-oxo-4H-chromene- has been prepared by a Schiff-
base condensation method using conventional and green, ultrasound-aided, methods. The dry 
yellow powder was characterized as the imine species L2. These imine species, however, where 
found to rapidly convert to their enamine form L2’ in solution, under the presence of water 
traces. This reaction was computationally studied through Density Functional Theory (DFT) in 
order to investigate the relative stability of the molecular pair L2/L2’.  
The sensing properties of the enamine L2’ toward various metal ions were investigated 
via absorption and fluorometric titrations in solution in dichloromethane, acetonitrile and 
DMSO. The compound shows a fluorescent turn-off response in the presence of Cu2+, Zn2+, Cd2+, 
Hg2+ and Ag+ over the other metal ions studied, such as Li+, Na+, K+, Ca2+, Co2+, and Ni2+, being 
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stronger for Cu2+ and Hg2+. The gas phase chemosensing abilities of L2 were also explored 
suggesting L2 as new active MALDI-TOF-MS matrix by two dry methods showing a strong 
selectivity toward Cu2+ and Ag+. Our preliminary results show promising uses of L2 supported 
in PPMA films as metal ion solid chemosensor. 
2. Introduction 
Chemosensors are natural or artificial systems including a receptor fragment which is 
capable of selectively interacting with a substrate, a signalling fragment, and some times a 
linker connecting them.1 Among all the chemosensors, fluorescent probes are particularly 
important due to their intrinsic sensitivity.2 
 The chiral chromene unit is the core structure of a number of natural products3 and is 
used as a versatile synthon in heterocyclic chemistry as well as in pharmaceutical industry. 
These systems exhibit a wide range of biological properties,4-9 for example diuretic, 
anticoagulant and anti-anaphylactic activity.10,11 They also have interesting photochemical 
properties,12 and are used as colorimetric probes.13  
The synthetic significance of 3-formylchromone derivatives raises from their usefulness 
as reactive agents and valuable precursors for many different heterocycles. They contain three 
electron deficient sites (C-2, C-4 and CHO) suitable for nuclephilic attack and, as a 
consequence of competition between these centers, various types of compounds can be formed 
upon the reaction of 3-formylchromones with strong nucleophiles.14 In general, 3-
formylchromones readily react with primary amines in an alcoholic medium yielding an 
enamine-adduct, which rarely reacts further to give the corresponding Schiff base.15  
The present investigation aims to develop a multifunctional chemosensor furnished with 
reactive chromene groups for metal cation detection in solution as well as in gas phase. As a 
part of our ongoing research in the design and synthesis of new versatile dual chemosensors16, 
fluorescent probes in solution and active-recognition matrices in gas-phase, we report here the 
synthesis, characterization and studies of a new fluorescence ligand containing two emissive 6-
nitro-4-oxo-4H-chromene units L2 and the corresponding enamine L2’. The presence of a 
complex chelating unit formed by four oxygen atoms of the chromene units, two imine 
nitrogens, and the three oxygen atoms of a flexible poly-oxa chain,17 gives the molecule strong 
recognition capability towards metal ions through formation of coordination compounds. 
Moreover, when the imine compound L2 converts to the enamine structure L2’ the receptor 
presents two hydroxyl groups which also allow increasing the coordination capability of the 
system and introduce new photophysical properties as the excited state internal proton transfer 
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(ESIPT), mechanism. Some solid metal complexes and doped polymeric materials have also 
been synthesized and characterized in order to explore L2 as precursor of new fluorescent hybrid 
materials.  
 
3. Experimental Section 
3.1. Physical Measurements 
Elemental analyses were carried out at the REQUIMTE DQ Service (Universidade 
Nova de Lisboa), on a Thermo Finnigan-CE Flash-EA 1112-CHNS instrument and in the 
CACTI, University of Vigo Elemental analyses Service on a Fisons EA-1108 analyser. Infrared 
spectra were recorded as KBr discs using Bio-Rad FTS 175-C spectrophotometer. Proton NMR 
spectra were recorded using a Bruker WM-400 MHz spectrometer.  
MALDI-TOF-MS analysis were performed in a MALDI-TOF-MS model voyager DE-
PRO biospectrometry workstation equipped with a nitrogen laser radiating at 337 nm from 
Applied Biosystems (Foster City, United States) at the REQUIMTE DQ, Universidade Nova de 
Lisboa. The acceleration voltage was 2.0 x 104 kV with a delayed extraction (DE) time of 200 
ns. The spectra represent accumulations of 5 x 100 laser shots. The reflectron mode was used. 
The ion source and flight tube pressures were less than 1.80 x 10-7 and 5.60 x 10-8 Torr, 
respectively. The MALDI mass spectra of the soluble samples (1 or 2 µg/µL) such as the ligand 
and metal complexes were recorded using the conventional sample preparation method for 
MALDI-MS. 
The MALDI mass spectra of the soluble samples (1 or 2 µg/µL) such as metal salts were 
recorded using two sample preparation methods for MALDI-MS: “dried droplet” and “layer by 
layer”.  
The “dried droplet” standard MALDI sample preparation is very simple. Here, the 
sample and matrix are dissolved in a common solvent or solvent system, and mixed either 
before deposition onto or directly on the MALDI sample support. The matrix-analyte droplet of 
typically 1 µL is then slowly dried in air, or under a forced flow of cold air. This results in a 
deposit of crystals which, depending on the matrix; vary between sub micrometer and several 
hundred micrometers in size. The “layer by layer” method involves the use of fast solvent 
evaporation to form the first layer of small matrix crystals, followed by deposition of the analyte 
solution (metals) on top of the crystal layer.18 
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UV/Vis absorption spectra (200-800 nm) were performed using a JASCO-650 UV-
visible spectrophotometer and fluorescence spectra on a HORIBA JOVIN-IBON Spectramax 4. 
The linearity of the fluorescence emission vs. concentration was checked in the concentration 
range used (10-5-10-6 M). A correction for the absorbed light was performed when necessary. 
All spectrofluorimetric titrations were performed as follows: a stock solution of the ligand (ca. 
1.00 x 10-3 M) were prepared by dissolving an appropriate amount of the ligand in a 50 mL 
volumetric flask and diluting to the mark with CHCl3, DMSO or CH3CN UVA–so. The titration 
solutions ([4] = 1.00 x 10-6 and 1.00 x 10-5 M) were prepared by appropriate dilution of the 
stock solution. Titrations were carried out by addition of microliter amounts of standard 
solutions of the ions dissolved in DMSO or CH3CN.  
Fluorescence spectra of solid samples were recorded using a fibre optic system 
connected to the Horiba-Jovin Ybon Fluoromax 4 spectrofluorimetric exciting at appropriated λ 
(nm) the solid compounds. All the measurements were performed at 298 K. Luminescence 
quantum yields were measured using a solution of quinine sulphate in sulphuric acid (0.5M) as 
a standard [φ] = 0.54 and were corrected for different refraction indexes of solvents.19  
 
3.2. Synthesis of chemosensor  L2 
3.2.1. Conventional method  
A solution of 1,5-bis(2-aminophenoxi)-3-oxopenthane (0.1974 g, 0.6838 mmol) in 
ethanol (20 mL) was added dropwise to a refluxing solution of 6-nitro-4-oxo-4H-
chromene-3-carbaldehyde (0.315 g, 1.43 mmol) in the same solvent. The resulting solution 
were gently refluxed with magnetic stirring for ca. 4h at room temperature and then 
evaporated to dryness. The residues were extracted with water-chloroform. The organic 
phase was dried (MgSO4), filtered and solvent removal gave a yellow powder precipitate which 
was then filtered off, washed with cold absolute ethanol and cold diethyl ether, and dried under 
vacuum. The compound was characterized as L2.  
 L2: Colour: yellow solid (92 %). Anal. Calc. for C36H30N4O11·H2O: C, 60.62; H, 4.53; 
N, 7.81. Found: C, 60.61; H, 4.83; N, 7.41. IR (KBr, cm-1): 3410 ν(N-H); 1647 ν(C=N) imine; 
1257 ν(C-O); 944 ν(C-O-C). 1H NMR (400 MHz, DMSO-d6): δ (ppm)  4.11 (t, 4H1), 4.42 (t, 
4H2), 7.41 (m, 4H4,6), 7.33 (m, 2H5),  7.11 (m, 2H7), 12.05 (s, 2H9), 6.99 (m, 2H10), 8.36 (m, 
2H14), 8.43 (m, 2H16), 8.21 (m, 2H17), 6.84 (m, 2H19), 6.03-6.12 (s, 2H20). 13C NMR (100 MHz, 
CD3CN): 69.20 (C1), 69.30 (C2), 147.15 (C3), 114.17 (C4), 119.25 (C5), 114.06 (C6), 113.11 
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(C7), 141.78 (C8), 124.49 (C10),  141.74 (C11), 176.91 (C12), 102.48 (C13), 128.53 (C14), 122.30 
(C15), 121.17 (C16), 144.91 (C17), 159.93 (C18), 121.22 (C19). MALDI-TOF/MS (m/z): 691.37 
[L2H]+. 
3.2.2. Green Ultrasound synthesis (US) 
A solution of 1,5-bis(2-aminophenoxi)-3-oxopenthane (0.1351 g, 0.46 mmol) and 6-
nitro-4-oxo-4H-chromene-3-carbaldehyde (0.2074 g, 0.93 mmol) in ethanol (40 mL) was 
placed in an ultrasound bath during half an hour at room temperature. The yellow 
powder precipitate formed was filtered off, washed with cold absolute ethanol and cold diethyl 
ether, and dried under vacuum. After purified the compound by chromatography column, was 
characterized as compound L2. 
 L2: Yellow solid (82 %). Anal. Calc. for C36H30N4O11·H2O: C, 60.62; H, 4.53; N, 7.81. 
Found: C, 60.55; H, 4.05; N, 7.33. IR (KBr, cm-1): 3410 ν(N-H)st; 1647 ν(C=N)imin; 1257 ν(C-
O); 944 ν(C-O-C).  1H NMR (400 MHz, DMSO-d6): δ (ppm)  4.13 (t, 4H1), 4.42 (t, 4H2), 7.41 
(m, 4H4,6), 7.31 (m, 2H5),  7.11 (m, 2H7), 12.04 (s, 2H9), 6.91 (m, 2H10), 8.32 (m, 2H14), 8.42 
(m, 2H16), 8.25 (m, 2H17), 6.88 (m, 2H19), 6.03-6.12 (s, 2H20). 13C NMR (100 MHz) in CD3CN: 
69.20 (C1), 69.30 (C2), 147.15 (C3), 114.17 (C4), 119.25 (C5), 114.06 (C6), 113.11 (C7), 141.78 
(C8), 124.49 (C10),  141.74 (C11), 176.91 (C12), 102.48 (C13), 128.53 (C14), 122.30 (C15), 121.17 
(C16), 144.91 (C17), 159.93 (C18), 121.22 (C19). MALDI-TOF/MS (m/z): 691.37 [L2H]+. 
 
3.3. Synthesis of metal complexes of L2 
A solution of the corresponding metal salt (0.146 mmol) dissolved in acetonitrile (10 
mL) was added to a warmed solution of L2 (0.146 mmol) in the same solvent (50 mL). The 
resulting mixture was stirred during 4 h heating gently. A precipitate was formed, which was 
then filtered off, washed with cold diethyl ether and dried under vacuum line for 3 hours. All 
the compounds are soluble in chloroform, acetone, DMSO, acetonitrile and insoluble in water 
and diethyl ether, except the silver(I) and mercury(II) complexes that are only soluble in DMSO 
and acetone. 
[CuL2](BF4)2.5H2O: colour: brown (74%). Anal. Calcd for C36H36CuN4O16B2F8: C, 
42.50; H, 3.56; N, 5.50. Found: C, 42.38; H, 3.80; N, 5.78. IR (KBr, cm-1): 3458 ν(N-H)st; 1637 
ν(C=N)imin; 1262 ν(C-O); 934 ν(C-O-C). MALDI-TOF-MS (m/z): 691.4 [L2H]+; 754.3 [L2Cu]+. 
The compound is soluble in dichloromethane, chloroform, acetone, DMSO and insoluble in 
water and diethyl ether. 
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[ZnL2](ClO4)2.1H2O: colour: orange (87%). Anal. Calcd for C36H28ZnN4O20Cl2: C, 
44.45; H, 2.90; N, 5.76. Found: C, 44.49; H, 2.80; N, 5.48. IR (KBr, cm-1): 3457 ν(N-H)st; 1645 
ν(C=N)imin; 1261 ν(C-O); 940 ν(C-O-C).  MALDI-TOF-MS (m/z): 691.4 [L2H]+; 755.2 [L2Zn]+; 
855.5 [L2Zn(ClO4)]+. The compound is soluble in dichloromethane, chloroform, acetone, 
DMSO and insoluble in water and diethyl ether. 
[CdL2](ClO4)2.6H2O: colour: yellow (84%). Anal. Calcd for C36H38CdN4O25Cl2: C, 
38.95; H, 3.45; N, 5.05. Found: C, 38.60; H, 3.80; N, 5.45. IR (KBr, cm-1): 3445 ν(N-H)st; 1649 
ν(C=N)imin; 1260 ν(C-O); 948 ν(C-O-C). MALDI-TOF-MS (m/z): 691.4 [L2H]+; 803.2 [L2Cd]+. 
The compound is soluble in dichloromethane, chloroform, acetone, DMSO and insoluble in 
water and diethyl ether. 
[AgL2](CF3SO3).3H2O: colour: yellow (90%). Anal. Calc. for C37H32AgN4O17F3S: C, 
44.37; H, 3.22; N, 5.59. Found: C, 44.52; H, 3.34; N, 5.62. IR (KBr, cm-1): 3442 ν(N-H)st; 1643 
ν(C=N)imin; 1259 ν(C-O); 931 ν(C-O-C). MALDI-TOF-MS (m/z): 691.4 [L2H]+; 799.8 [L2Ag]+. 
The compound is soluble in dichloromethane, chloroform, acetone, DMSO and insoluble in 
water and diethyl ether. 
[HgL2](CF3SO3)2.3H2O: colour: yellow-orange (72%). Anal. Calcd for 
C38H32AgN4O20F6S2: C, 36.71; H, 2.60; N, 4.50. Found: C, 36.52; H, 2.83; N, 4.62. IR (KBr, 
cm-1): 3440 ν(N-H)st; 1641 ν(C=N)imin; 1260 ν(C-O); 931 ν(C-O-C). MALDI-TOF-MS (m/z): 
691.4 [L2H]+; 910.4 [L2Hg]+. The compound is soluble in dichloromethane, chloroform, 
acetone, DMSO and insoluble in water and diethyl ether. 
 
3.4. Preparation of doped (3) PMMA polymer films 
Polymethylmethacrylate (PMMA) is a common, low-cost, simply-prepared polymer 
with excellent optical quality. Preparation of the doped PMMA films was performed by a 
simple and easy method. The PMMA powder (0.1 g) was dissolved in chloroform PA, followed 
by addition of the compound L2 doped with 0.001 g to 0.005 g dissolved in the same solvent. 
The polymer film was obtained after evaporation of solvent at 40º C under vacuum for 24 h. 20  
Due to the spectroscopic characteristics, the film doped with 0.005 g of L2 was selected for the 
studies with metal ions. 
 
 
!!!!!!!!!!!!!!!!!!!
!
 Chapter 2 !! !
79!
4. Results and discussion 
Probe L2 was synthesized following a one-pot reaction, by direct condensation of 1,5-
bis(2-aminophenoxi)-3-oxopenthane17 and the commercial carbonyl precursor 6-nitro-4-oxo-
4H-chromene-3-carbaldehyde. The reaction was performed by a conventional method, heating 
an ethanolic solution during 4h and by a green method, using a Branson 1510 E-MT ultrasound 
bath during 1.5 hours. Both methods led to formation of the final product L2 which could be 
isolated as an air-stable yellow solid, with ca. 90-92% yield. The reaction pathway is shown in 
Scheme 1.  
 
Scheme 1. Synthesis of chemosensor L2. 
 
The elemental analysis of the Schiff-base L2 isolated as a dry yellow powder confirmed 
the purity of our sample. The infrared spectrum (in KBr) in both cases shows bands at 1647 and 
1640 cm-1 respectively, corresponding to the imine bond ν(C=N), and no peaks attributable to 
unreacted amine or carbonyl groups were present. A band attributable to the C–O–C flexible 
chain can be also observed at 1257 cm-1 in both spectra. The matrix assisted laser desorption 
time-of-flight mass (MALDI-TOF-MS) spectrum of L2 shows a parent peak at 691.52 m/z, 
corresponding to the protonated imine form of the ligand [3H]+ obtained irradiating the sample 
at 337 nm by a N2 laser, (See Figure 1) with any evidence of peaks at 726.18 m/z corresponding 
to the enamine form L2’.  
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Figure 1. MALDI-TOF-MS mass spectrum of compound L2. 
 
The 1H and 13C NMR spectra of compound L2 were recorded using DMSO-d6 as 
solvent. Proton signals were assigned upon standard 2D homonuclear (COSY) and 1H/13C 
heteronuclear (HMQC) spectra.  As it could be expected for a Schiff base, the 1H NMR 
spectrum of compound L2 in DMSO-d6 does not show any peak at ca. 8-9 ppm corresponding to 
the imine protons. This result confirms that, in solution, the enamine species L2’ is formed as a 
more stable compound. It is well known that chromones are efficiently converted in protolytic 
solvents at room temperature into enamine-type compounds with a typical lemon-yellow 
colour.21 The stability of these species in solution was explained by the formation of a hydrogen 
bonding between the carbonyl oxygen of the pyrone group and the hydrogen atom of the NH 
group. This behaviour was observed in other similar systems.22  
In the 1H NMR spectrum, the aromatic hydrogen atoms were observed as multiple 
signals in the aromatic region of the spectrum, while the protons of the ethylene bridges 
appeared as triplets in the aliphatic region of the spectrum. The signals assigned to the hydroxyl 
groups appeared at 6.0 ppm as singlet and at 12.0 ppm a singlet signal was observed for the 
amine proton. Upon addition of D2O to the sample, the signal assigned to the amine protons 
disappeared and, in this case, the proton signal of the hydroxyl groups remains because the 
hydrogen-deuterium exchange is slower. 
The imine species L2 seems to be unstable upon solvation. Experimental evidence 
supports that chromene units in L2 readily add a water molecule to form an enamine structure 
yielding L2’ (see Scheme 2). Density functional calculations also support these conclusions. The 
calculated free energy of hydration at the M06-2X/6-31+G(d,p) is -2.88 kcal/mol per chromene 
unit which is consistent with a quantitative shift of the hydration/dehydration equilibrium 
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towards the enamine L2’  form. Furthermore, the existence of more hydrogen bond donors and 
acceptors in the enamine counterpart should render it even more stable under protic medium. 
 The presence of seven potential donor atoms (N2O5) in the ligand structure of L2, gives 
strong recognition ability towards metal ions. In order to explore the potential uses in the 
synthesis of new emissive materials, some solid metal complexes were synthesized by direct 
reaction between ligand L2 and Cu(BF4)2.6H2O, Zn(ClO4)2.6H2O, Ag(CF3SO3).H2O, 
Cd(ClO4)2.H2O and Hg(CF3SO3)2.H2O metal salts. Addition of the metal salt dissolved in 
acetonitrile to a stirred solution of L2 in the same solvent gave in all cases analytically pure 
mononuclear complexes.  The photophysical characterization of all complexes is summarized in 
table 1. 
 Tabla 1. Optical data for L2, L2’ and the metal complexes of compound L2 in acetonitrile 
(λexc=399 nm; 298 K).  
a DMSO Solution 
 
Scheme 2. Conversion of compound L2 in L2’ in the presence of traces of water. 
Metal complex λmax (nm); log ε λ em (nm) Δλ  (nm) φ  λ em (nm) 
solid state 
 
L2 - - - - 545 
L2’ 393; 4.56 500 107 <0.001 - 
[CuL2](BF4)2.5H2O 388; 4.41 471 83 <0.001 - 
[ZnL2](ClO4)2.1H2O 393; 4.46 484 91 <0.001 - 
[CdL2](ClO4)2.6H2O 387; 4.47 497 110 <0.001 535 
[AgL2](CF3SO3).3H2Oa 386; 4.20 463 77 <0.001 542 
[HgL2](CF3SO3)2.3H2Oa 384; 4.32 464 80 <0.001 - 
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It is important to mention that despite compound L2 being maintained in solution during 
4h, the IR spectra and the MALDI-TOF-MS spectra of each complex shows clearly the signals 
attributed to the imine bond vibration and the L2M peaks respectively. This result evidences the 
reversible equilibrium between the imine L2 and enamine L2’ species after drying the complexes 
under vacuum.  
 
4.1. Spectroscopy Studies 
The absorption, emission and excitation spectra of L2’ were studied in aprotic solvents 
such as CHCl3, DMSO and CH3CN at 298 K. The results in CHCl3 are reported in figure 2.  
The absorption spectrum shows two bands with the maxima centred at 291 and 398 nm, 
coincident with the excitation spectrum. These bands appear in the same spectral region as other 
chromenes reported in the literature. The fluorescence emission spectrum of  L2’ presents a band 
centred at 500 nm, with weak intensity assigned to the chromene emission.23 The relative 
fluorescence quantum yield obtained in DMSO solution using a quinine solution as reference 
was in the range of 10-3M. This low emission could be due to the presence of the nitro group in 
the chromene units,23 and to the photophysical internal ESIPT and PET deactivation 
mechanisms.24 
 
 
 
 
 
 
 
 
Figure 2. Absorption, emission and excitation spectra of compound L2’ in CHCl3 solution 
at room temperature. (λexc = 390 nm; λem = 510 nm, [L2’] = 1.00.10-6 M) 
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The lower intensity emission observed in the coordinative solvents DMSO and CH3CN 
prevent further complexation studies in these solvents and due to this all complexation studies 
were developed only in CHCl3. 
In order to explore the chemosensor ability of the enamine species L2’ in solution, the 
effect of metal cations such as Cu2+, Zn2+, Cd2+, Hg2+ and Ag+ on the absorption, and the 
fluorescence spectra was studied in CHCl3 as solvent.  
Figure 3 depicts the absorption and emission spectra of a solution of L2’  in the presence 
of increasing amounts of Cu(BF4)2 dissolved in acetonitrile. Upon addition of 14 equivalents of 
metal ion, the absorption band centred at 398 nm shows an intense absorption decrease effect, 
and the fluorescence emission observed at 500 nm was totally quenched. 
 
 
 
 
 
 
 
 
Figure 3. Absorption (left) and emission (right) titration of chloroform solutions of L2’ as a 
function of increasing amounts of Cu(BF4)2.6H2O. ([L2’] = 1.00.10-5 M for absorption and [L2’] 
= 7.923.10-6 M for emission, λexc = 389 nm). 
 After the addition of Hg(CF3SO3)2.H2O, Zn(ClO4)2.6H2O, Cd(ClO4)2.H2O and 
Ag(CF3SO3).H2O to L2’, a similar quenching on the fluorescence emission was observed; but 
contrary to copper(II) which only required a few equivalents of metal to turn OFF the emission, 
in these cases 23, 83, 1200 and 1400 equivalents were necessary respectively (see figure 4).  
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Figure 4. Emission titration spectra of a chloroform solution of L2’ as a function of increasing 
amounts of Hg2+, Zn2+, Cd2+and Ag+. ([L2’] = 1.00.10-5 M, λexc = 389 nm). 
On the other hand, no changes were observed in the absorption and emission spectra of 
ligand L2’ with the addition of Li+, Na+, K+, and Ca2+ in our conditions. This turn-OFF effect 
observed on the luminescence upon metal complexation with Cu2+ and Hg2+ is consistent with a 
chelation enhancing of the quenching effect (CHEQ), when coordination induces a 
photoinduced energy transfer that quench the π* emissive state through low-lying metal- 
centered states.25 
More interestingly, metals such as Zn2+, Cd2+ or Ag+ with fully filled electron shells 
usually enhance the fluorescence upon chelation, by CHEF effect, however in our case the 
quenching observed can be ascribed to the strong excited state internal proton transfer (ESIPT) 
from the two OH groups present in the enamine species L2’ to the excited chromophores. 
Previous studies reported by us with an emissive ligand bearing two b-naphtol units shows 
similar emission intensity in compare with L2.26 
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The stability constants for the interaction of L2’ with Cu2+, Hg2+ and Zn2+ were 
calculated using HypSpec software and are summarized in Table 2.27 Unfortunately, for Cd2+ 
and Ag+ it was not possible to calculate the stability constants using HypSpec. 
 
Table 2. Stability constants for compound L2’ in the presence of Cu2+, Zn2+ and Hg2+ ions in 
CH3CN or CHCl3. (M:L) 
a CH3CN b CHCl3 
Taking into account the values reported in Table 2, the sequence of the strongest 
interaction expected for sensor L2’, in decreasing order is Hg2+ > Zn2+ ≈ Cu2+>>> Cd2+  = Ag+. 
Once the Schiff-base species L2 is rapidly converted into the enamine L2’ in the 
presence of water-traces in solution, we tried to encapsulate the emissive dye L2’ into a 
polymeric matrix in order to compare the fluorescence emission in the solid state as powder and 
in the polymethylmethacrylate (PPMA) in the absence of water. This strategy is commonly 
applied for emissive lanthanide complexes that increase the luminescence and brightness in the 
absence of water.28 This new emissive hybrid inorganic-organic material could be also explored 
as new metal ion chemosensors. 
 
 
 
 
 
Ligand Interaction log Σ (Absorption) log Σ (Emission) 
L2’a Cu2+ (1:1) 2.46 ± 4.3.10-2 2.41 ± 4.3.10-2 
L2’a Hg2+ (1:1) 4.66 ± 2.4.10-3 4.21 ± 6.5.10-3 
L2’b Cu2+ (1:1) 1.24 ± 2.6.10-3 1.24 ± 4.3.10-2 
L2’b Hg2+ (1:1) 
 
 
4.68 ± 2.5.10-3 
 
4.10 ± 2.0.10-2 
  Hg2+ (2:1) 
 
 
3.34 ± 2.4.10-3 
 
3.25 ± 2.0.10-2 
 L2’b Zn2+ (1:1) 2.44 ± 2.1.10-3 2.56 ± 2.1.10-3 
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Figure 5. (A) Emission spectra in solid state of L2, PPMA doped film with 3 and the Cu2+, 
Zn2+, Cd2+and Ag+ solid metal complexes. (B) Emission spectra of the PPMA doped film with 
compound L2 and after spraying Cu2+ (Dried films after 15, 30 and 60 minutes, λexc = 390 nm). 
 
Taking this strategy in mind, compound L2 and all metal complexes were studied in 
solid state using a fibre optic device connected to the spectrofluorimeter. As it can be seen in 
figure 5A, the emission of the free ligand observed at 545 nm is quenched by the presence of 
Cu2+, Zn2+ and Hg2+ as were observed in solution. In the solid state the Cd2+ and Ag+ complexes 
are highly emissive showing the typical CHEF effect in compare with the free L2 in powder. 
The fluorescence band for the ligand appears red-shifted when compare to the solution studies, 
while the strong emissive PPMA doped films shows a blue-shift band in 40 nm. 
Spraying a water solution containing Hg2+, Cd2+ or Cu2+ (ca. 5.00.10-2M) over the 
PPMA solid films (figure 6) and dried with air shows clearly an interaction with the ligand, and 
as consequences the fluorescence emission was quenched in all cases. This preliminary result 
clearly shows a promising application of compound L2 in PPMA support as new solid supported 
metal chemosensor. Figure 5B shows the decrease observed in the PMMA doped film after 15, 
30 and 60 min of exposure to Cu2+.  
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Figure 6. PPMA doped film with L2 under UV irradiation (λexc = 366 nm). 
4.2. MALDI-TOF-MS studies 
In order to explore the application of chemosensor L2 as molecular probe for metal ions 
in gas phase, several MALDI-TOF-MS titrations were performed.  Compound L2 dissolved in 
acetonitrile without any additional MALDI matrix was titrated with six different transition and 
post-transition metal ions such as Co2+, Ni2+, Cu2+, Zn2+, Hg2+ and Ag+ in molar ratios 
ligand:metal 1:1 and 1:2.  
To perform the metal titrations, two different strategies were explored: a dried droplet 
solution and a layer-by-layer deposition sample preparation. First, two solutions containing 
compound L2 (1 µL) and the metal salt (1 µL) were mixed and shake and then applied in the 
MALDI-TOF-MS sample holder. The second method consisted of a layer by layer addition of 
different solutions: i) a solution of L2 was spotted in the MALDI-TOF-MS plate and then dried 
in vacuum; subsequently, 1 µL of the solution containing the metal salt was placed on the 
sample holder and dried. Finally, the plate was then inserted in the ion source. For this second 
case, the complexation reaction between the ligand and the metal salts occurred in the holder, 
and the complex species were produced in gas phase. 
The ligand peak in the MALDI-TOF-MS appears always at 691.52 m/z; this peak can 
be unambiguously attributed to the protonated species [L2H]+. No peak corresponding to L2’ 
with 726.6 m/z was detected. By both methods of sample preparation, upon addition of one 
equivalent of Ag+, the peak attributable to the ligand disappears, and a new peak with 100% of 
intensity appears at 799.49 m/z (by layer-by-layer deposition) and with 100% of intensity 
appears at 798.35 m/z (by solution sample) were observed. This peak corresponds to the 
mononuclear species [L2Ag]+ (see figure 7). Once again upon drying under vacuum the sample 
!!!!!!!!!!!!!!!!!!!
!
 Chapter 2 !! !
88!
holder the enamine L2’ was always transformed into the imine L2 as can be observed in the 
spectra.  
Figure 7. MALDI-TOF-MS mass spectra of compound L2 after titration with Ag(CF3SO3)2.H2O 
(one equivalent of metal) using two methods: a dry droplet and layer-by-layer deposition. 
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In the copper(II) titration, the peak assignable to the mononuclear [L2Cu]+ species was 
observed upon addition of one equivalent of Cu2+ with 100% of intensity at 753.60 m/z (by 
layer-by-layer deposition) and 753.57 m/z (by solution sample). A second peak at 834.66 m/z 
(by layer-by-layer deposition) and 834.63 m/z (by solution sample), attributable to the dinuclear 
species [L2Cu2(H2O)]+ also was detected (see figure 8).  
In both metal titrations and by both analytical methods explored it is important to 
mention that the peak assignable to the protonated ligand at 691.5 m/z disappears. 
In the other metal titrations, peaks with low intensity at 795.60 and 767.54 m/z 
corresponding to [L2CoEtOH]+ and [L2NiH2O]+, respectively were observed when compound 
L2 was titrated in the same conditions with a stoichiometric quantity of Co2+ or Ni2+ suggesting 
less stability of the complexes formed in the technique. In all cases the peak attributed to the 
protonated ligand [L2H]+ was observed as the most intense. In the case of Zn2+ and Hg2+ 
titrations any peak corresponding to the metal complex was detected. The results suggest that L2 
can be used to sense these metal ions by MALDI-TOF-MS with high selectivity towards Cu2+ 
and Ag+. 
 
4.3. DFT Studies 
4.3. Computational Methods 
All calculations have been performed employing Density Functional Theory (DFT)29 as 
implemented in the Gaussian 09 code.30 Due to its remarkable performance for medium-size 
organic molecules, the M06-2X31 density functional was used along with the reasonably 
extended double-z quality 6-31+G(d,p) basis set. The stationary points obtained where 
confirmed to be minima by computation of the second derivatives of the energy with respect to 
the nuclei displacement. Solvation effects where taken into consideration through the 
polarizable dielectric continuum model (PCM) using DMSO parameters.32 
To reduce the computational cost of the hydration process a truncated system including 
a single cromene unit condensed with a 2-aminophenoximethyl derivative has been employed 
(see scheme 3). 
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Scheme 3. Truncated molecular system employed 
throughout the computational study. 
 
!!!!!!!!!!!!!!!!!!!
!
 Chapter 2 !! !
91!
References !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 (a) L. Prodi, F. Bolleta, M. Montalti, Coord. Chem. Rev. 205 (2000), 59. (b) V. A. Bren, 
Chem. Rev. 70 (2001) 1017. (c) J. F. Callan, A. P de Silva, D. C. Magri, Tetrahedron 61 (2005) 
8551. 
2 (a) C. Lodeiro, F. Pina, Coord. Chem. Rev. 253 (2009) 1353. (b) A. P. de Silva, H. Q. 
Gunaratne, T. Gunnlaugsson, A. J. M. Huxley, C. P. McCoy, J. T. Rademacher, T. E. Rice, 
Chem. Rev. 97 (1997) 1515. 
 
3 N. Jain, R. M. Kanojia, J. Xu, J.-Z., G. E. Pacia, M. Lai, F. A. Musto, G. Allan, D. Hahn, S. 
Lundeen, Z. J. Sui, Med. Chem. 49 (2006) 3056. 
4 K. C. Nicolaou, J. A. Pfefferkorn, A. J. Roecker, G. Q. Cao, S. Barluenga, H. J. Mitchell, J. 
Am. Chem. Soc. 122 (2000) 9939. 
5 K. C. Nicolaou, J. A. Pfefferkorn, H. J. Mitchell, A. J. Roecker, S. Barluenga, G. Q. Cao, R. L. 
Affleck, J. E. Lillig, J. Am. Chem. Soc. 122 (2000) 9954. 
6 K. C. Nicolaou, J. A. Pfefferkorn, S. Barluenga, H. J. Mitchell, A. J. Roecker, G. Q. Cao, J. 
Am. Chem. Soc. 122 (2000) 9968. 
7 G. Zeni, R. C. Larock, Chem. Rev. 104 (2004) 2285. 
 
8 J. Mori, M. Iwashima, M. Takeuchi, H. Saito, Chem. Pharm. Bull. 54 (2006) 391. 
 
9 Y. Kashiwada, K. Yamazaki, Y. Ikeshiro, T. Yamasisbi, T. Fujioka, K. Milashi, K. Mizuki, L. 
M. Cosentino, K. S. Fowke, L. M. Natschke, K. H. Lee, Tetrahedron 57 (2001) 1559. 
10 W. O. Foye, “Principi Di Chemico Farmaceutica”, Piccin, Padova, Italy, 1991, pp. 416.  
11 L. Bonsignore, G. Loy, D. Secci, A. Calignano, Eur. J. Med. Chem. 28 (1993) 517. 
12 A. Gáplovský, J. Donovalová, M. Lácová, R. Mračnová, H. M. El-Shaaer, J. Photochem. 
Photobio.- A: Chem. 136 (2000) 61. 
 
13 F. Huo, Y. Sun, J. Su, J. Chao, H. Zhi, C. Yin, Org. Lett. 11 (2009) 4918. 
 
!!!!!!!!!!!!!!!!!!!
!
 Chapter 2 !! !
92!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
14 C. K. Gosh J. Hetrocycl. Chem. 20 (1983) 1437. 
 
15 (a) A. Gáplovský, J. Donovalová, M. Lácová, R. Mračnová, H. M. El-Shaaer, J. Photochem. 
Photobio.- A: Chem. 136 (2000) 61. (b) G. Sabitha, Aldrichim. Acta 29 (1996) 15. 
 
16 C. Lodeiro, J. L. Capelo, J. C. Mejuto, E. Oliveira, H. M. Santos, B. Pedras, C. Nuñez, Chem. 
Soc. Rev. 39 (2010) 2948.  
 
17 (a) P. A. Tasker, Y. E. B. Fleisher, J. Am. Chem. Soc. 92 (1970) 7072. (b) M. Vicente, C. 
Lodeiro, H. Adams, R. Bastida, A. de Blás, D. E. Fenton, A. Macías, A. Rodríguez, T. 
Rodríguez-Blás, Eur. J. Inorg. Chem. 6 (2000) 1015. 
 
18 F. Hillenkamp, J. Peter-Katalinić, “A practical guide to instrumentation methods and 
applications” (2007) Wiley-Germany pp 18-20. 
 
19 I. B. Berlman, “Handbook of Fluorescence Spectra of Aromatic Molecules” Academic Press-
New York (1971) 2nd ed. 
 
20 (a) D. B. A. Raj, B. Francis, M. L. P. Reddy, R. R. Butorac, V. M. Lynch, A. H. Cowley, 
Inorg. Chem. 49 (2010) 9055. (b) O. Moudam, B. C. Rowan, M. Alamiry, P. Richardson, B. S. 
Richards, A. C. Jones, N. Robertson, Chem. Commun. (2009) 6649.  
 
21 B. El, P. Slawomir, Tetrahedron 55 (1999) 4815. 
 
22 T. Raj, R. K. Bhatia, A. Kapur, M. Sharma, A. K. Saxena, M. P. S. Ishar, Eur. J. Medicinal 
Chem. 45 (2010) 790. 
 
23 F. Ortica, L. Bougdid, C. Moustrou, U. Mazzucato, G. J. Favaro, Photochem. Photobiol. A. 
Chem. 200 (2008) 287. 
 
24 R. J. Lakowicz, “Topics in Fluorescence Spectroscopy”, vol. 4: “Probe Desing and chemical 
Sensing”; Kluwer Academica Publishers, New York, 2002. 
 
 
!!!!!!!!!!!!!!!!!!!
!
 Chapter 2 !! !
93!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
25 K. Rurack, Spectrochim. Acta Part A. 57 (2001) 2161.  
 
26 L. Fernandes, M. Boucher, J. Fernández-Lodeiro, E. Oliveira, C. Núñez, H. M. Santos, J. L. 
Capelo, O. Nieto-Faza, E. Bértolo, C. Lodeiro, Inorg. Chem. Commun. 12 (2009) 905. 
  
27 P. Gans, A. Sabatini, Vacca, Talanta 43 (1996) 1739. 
 
28 (a) M. D. McGehee, T. Bergstedt, C. Zhang, A. P. Saab, M. B. O’Regan, G. C. Bazan, V. I. 
Srdanov, A. J. Heeger, Adv. Mater. 11 (1999) 1349. (b) A. Balamurugan, M. L. P. Reddy, M. J. 
Jayakannan, Phys. Chem. B 113  (2009) 14128. (c) J. C. Boyer, N. J. J. Johnson, F. C. J. M.van 
Veggel, Chem. Mater. 21 (2009) 2010. (d) J. Kai, D. F. Parrab, H. F. Brito, J. Mater. Chem. 18 
(2008) 4549. (e) H. Zhang, H. Song, B. Dong, L. Han, G. Pan, X. Bai, L. Fan, S. Lu, H. Zhao, 
F. J. Wang, Phys. Chem. C 112 (2008) 9155. 
 
29 (a) P. Hohenberg, W. Kohn, Phys. Rev. 136 (1964) B864. (b) W. Kohn, L. Sham, Phys. Rev. 
A (1965) 140 A1133. 
 
30 Gaussian 09, Revision A.1, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. 
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, Nakatsuji, H. 
M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. 
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. 
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, J. E. Peralta, F.Ogliaro, M. Bearpark, J. J. Heyd, 
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. 
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, N. J. Millam, M. Klene, J. E. 
Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. 
Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. 
G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. 
Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian, Inc., Wallingford CT, 
(2009). 
 
31 Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 120 (2007) 215. 
 
32 (a) J. Tomasi, M. Persico, Chem. Rev. 94 (1994) 2027. (b) T. Mineva, N. Russo, Sicilia, E. J. 
Comput. Chem. 19 (1998) 290. (c) M. Cossi, G. Scalmani, N. Rega, V. J. Barone, Chem. Phys. 
117 (2002) 43 
! 94!
!
!!
Chapter 3 !! !
95!
 
 
 
 
 
 
 
 
Chapter 3 
8-OH-quinoline incorporated into a novel Schiff Base 
chemosensors: Synthesis, fluorescence materials, DFT 
and complexation studies 
1. Abstract 
Two novel chemosensors with podand structures (L3 and L3’) derived from 1,5-bis(2-
aminophenoxy)-3-oxopenthane bearing two flexible 8-hydroxyquinoline units have been 
synthesized and characterized. 
Several nitrate complexes of transition (Cu2+), post-transition (Zn2+) and lanthanide 
(Eu3+ and Sm3+) metal ions have been synthesized with tetrafluoroborate salts and characterized. 
In order to study their potential utility as fluorescent probes, the coordination ability of 
chemosensors (L3 and L3’) towards those metal ions has been explored in solution (by UV-
visible and emission spectroscopy) and in gas phase (by MALDI mass spectrometry). 
Density functional theory has been employed to explore the emission properties of the 
three-protonation states of the chemosensor. From this study, the anomalous red shift observed 
in the fluorescence spectra of the dianionic sensors can be attributed to subtle structural 
differences between their anionic and dianionic forms. Furthermore, a plausible explanation for 
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the low fluorescence of the neutral form is provided in the form of a non-radiative relaxation 
involving the imine double-bond isomerization. 
 All new compounds have been characterized by microanalysis, melting points, IR, UV-
vis and fluorescence emission spectroscopy and MALDI-TOF-mass spectrometry. 
 
2.  Introduction 
A fluorescent chemosensor (FC) is a compound incorporating one or more 
Fluorophores, a Receptor and a Spacer that can be used to sense and report chemical species .1 
As the number of applications of FC in chemistry, biology, and environmental science grow, the 
design and synthesis of sensitive and selective fluorescent sensors has become a key goal for 
organic and analytical chemists.2  
Emphasis has been placed on the development of FC that selectively respond to the 
presence of specific metal ions or anions through a change in the absorption3 or fluorescence 
spectra .4 FC systems offer several distinct advantages such as selectivity, time response, and 
spatial resolution.2d  
Among fluorophores, 8-Hydroxyquinoline (8-HQ) has been extensively used to 
construct highly sensitive FC for sensing and imaging of metal ions of important biological 
and/or environmental significance5 and its chelates are major components for organic light-
emitting diodes (OLEDs).6  
 On its own, 8-HQ displays weak fluorescence, since in its excited state, intramolecular 
proton transfer (from oxygen to nitrogen) provides a route for non-radiative relaxation.7 
Chelation of metal ions, however, can decrease the pKa values of the hydroxyl proton, and once 
this proton is lost, 8-HQ becomes highly fluorescent .8 Consequently, chemosensors using 8-HQ 
also provide an ‘off–on’ sensing response to metal ion binding. 
As a part of our ongoing research project focused on the design and synthesis of new 
fluorescence chemosensors, 9 and matrix assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDITOF-MS) active probes, we report here two new fluorescence probes L3 
and L3’, containing two emissive 8-hydroxyquinoline units as chromophores (see scheme 1). 
The presence of a complex chelating unit formed by two oxygen and two nitrogen atoms of the 
quinoline moieties, two imine/amine nitrogen atoms and three oxygen atoms of the flexible 
poly-oxa chain,10 gives the molecule strong recognition capabilities towards metal ions through 
formation of coordination compounds. Some solid metal complexes and doped polymeric 
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materials have also been synthesized and characterized in order to explore their photophysical 
properties, and their exploration as new fluorescent hybrid materials.  
 
 
 
 
 
3. Experimental section 
3.1. Physical Measurements 
Elemental analyses were performed in a Fisons EA-1108 analyser at the CACTI, 
University of Vigo Elemental analyses Service. Infra-red spectra were recorded as KBr discs on 
a Bio-Rad FTS 175-C spectrophotometer. 1H, 13C, COSY, DEPT and HMQC NMR spectra 
 
 
 
 
Scheme 1. Synthesis of compounds L3 and L3’. 
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were recorded on a Bruker AMX-500 spectrometer and DMSO was used as the solvent in all 
cases. 
MALDI-TOF-MS analysis were performed in a MALDI-TOF-MS model BRUKER 
ultraflex II workstation equipped with a nitrogen laser radiating at 337 nm from Bruker 
(Germany) at the BIOSCOPE Group, Universidade de Vigo. The spectra represent 
accumulations of 5x100 laser shots. The reflectron mode was used. The ion source and flight 
tube pressures were less than 1.80.10-7 and 5.60.10-7 Torr, respectively. The MALDI mass 
spectra of the soluble samples (1 or 2 mg/mL), such as the ligand and metal complexes were 
recorded using the conventional sample preparation method for MALDI-MS. 
 The nanoparticles size distributions were measurement using a dynamic light scattering 
(DLS) system, Malvern Nano ZS instrument with a 533 nm laser diode from the Faculty of 
Science at Ourense Campus, University of Vigo. To perform the transmission electron 
microscopy (TEM) images the samples were prepared dropping 1 µL of the colloidal 
suspension onto a copper grid coated with a continuous carbon film and allowing the solvent to 
evaporate. TEM images were obtained through a JEOL JEM 1010F transmission electron 
microscope (TEM) operating at 100 kV. To perform the Fourier transformations we used the 
Digital Micrograph (Gatan) software.11 
UV/Vis absorption spectra (220-900 nm) were performed using a JASCO-650 UV-
visible spectrophotometer and fluorescence spectra on a HORIBA JOVIN-IBON Spectramax 4. 
The linearity of the fluorescence emission vs. concentration was checked in the concentration 
range used (10-5-10-6 M). A correction for the absorbed light was performed when necessary. 
All spectrofluorimetric titrations were performed as follows: a stock solution of the ligand (ca. 
1.00 x 10-3 M) was prepared by dissolving an appropriate amount of the ligand in a 50 mL 
volumetric flask and diluting to the mark with DMSO UVA–so. The titration solutions ([L3=L3’] 
= 1.00 x 10-6 and 1.00 x 10-5 M) were prepared by appropriate dilution of the stock solution. 
Titrations were carried out by addition of microliter amounts of standard solutions of the ions 
dissolved in DMSO.  
All the measurements were performed at 298 K. Luminescence quantum yields were 
measured using a 0.1 M solution of quinine sulfate in 0.5 M H2SO4 as standard (φ = 0.546) [17].  
Phosphorescence spectra was recorded on a Horiba-Jobin-Ivon SPEX Fluorog 3-22 
equipped with the 1934 D phosphorimeter unit and was corrected for the wavelength response 
of the system. 
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Fluorescence decays were measured using a home-built picosecond time correlated 
single photon counting (TCSPC) apparatus described elsewhere .12 The excitation source 
consists of a picosecond Spectra Physics mode-lock Tsunami® Laser (Ti:Sapphire) Model 3950 
(repetition rate of about 82 MHz, tuning range 700-1000 nm), pumped by a Millennia® Pro-
10s, frequency-doubled continuous wave (CW), diode-pumped, solid-state laser (λem= 532 nm). 
A harmonic generator model GWU-23PS (Spectra Physics) is used to produce the second and 
third harmonic from the Ti:Sapphire laser exciting beam frequency output. The samples were 
measured with excitation at 378 nm and the horizontally polarized output beam from the GWU 
(second harmonic) was first passed through a ThorLabs depolarizer (WDPOL-A) and after by a 
Glan-Thompson polarizer (Newport 10GT04) with vertical polarization. Emission at 90º 
geometry collected at magic angle polarization was detected through a Oriel CornerstoneTM 
260 monochromator by a Hamamatsu microchannel plate photomultiplier (R3809U-50). Signal 
acquisition and data processing was performed employing a Becker & Hickl SPC-630 TCSPC 
module. Fluorescence decays and the instrumental response function (IRF) where collected 
using 1024 channels in a 6.1 ps/channel scale, until 3-5×103 counts at maximum were reached. 
The full width at half maximum of the IRF was about 22 ps and was highly reproducible with 
identical system parameters. Deconvolution of the fluorescence decays curves was performed 
using the modulating functions of Striker.13 
 
3.1. Synthesis of L3 
A solution of 1,5-bis(2-aminophenoxi)-3-oxopenthane (0.242 g, 0.842 mmol) in 
absolute ethanol (25 mL) was added dropwise to a refluxing solution of 8-
hydroxyquinoline-2-carbaldehyde (0.291 g, 1.683 mmol) in the same solvent (75 mL). 
The resulting solution was gently refluxed with magnetic stirring for ca. 4h. The 
solution was allowed to cool and a yellow powder precipitate was observed, which was 
then filtered off, washed with cold absolute ethanol and cold diethyl ether and dried under 
vacuum.  
The organic phase was dried (MgSO4), filtered and solvent removal gave a yellow 
powder precipitate, which was then filtered off, washed with hot absolute ethanol. The 
compound was characterized as chemosensor L3. 
L3: Colour: yellow (87%). Anal. Calc for C36H30N4O5.H2O: C, 70.1; H, 5.2; N, 9.1. 
Found: C, 70.1; H, 5.2; N, 9.1%. IR (KBr, cm-1): 1636  ν(C=N)py; 1602, 1457 ν(C=N)py and 
ν(C=C). 1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.70 (s, 2H); 8.36-7.96 (m, 2H); 7.69-6.23 
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(m, 16H); 5.92 (s, 2H); 4.24-3.70 (m, 4H). 13C NMR (400 MHz, DMSO) 153.2-150.3; 149.6; 
137.5-131.9; 126.9-120.1; 117.9-112.2; 70.0; 69.3. MALDI-TOF/MS  (m/z): 599 [L3+H]+. 
3.2 Synthesis de L3’ 
NaBH4 was added in excess (20%) to a solution of L3 (0.189 g, 0.316 mmol) in ethanol 
at room temperature. The resulting solutions were gently refluxed with magnetic stirring for 4 h; 
within that time, the color changed slowly from yellow to orange. The mixtures were filtered off 
and evaporated to dryness. The residues were then extracted with water–chloroform. The 
organic layer was dried over anhydrous Na2SO4 and evaporated to yield a yellow powder 
formed was filtered of and dried under vacuum. These compound were characterized as 
chemosensor L3’.  
 
L3’: Colour: orange ( 92%). Anal. Calc. for C36H34N4O5.2.5H2O: C, 66.7; H, 6.1; N, 
8.6. Found: C, 66.4; H, 5.9; N, 8.6. Melting point: 161.5-170.0 ºC. IR (KBr, cm-1): 1601, 1448 
(C=N)py and (C=C). 1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.29-6.17 (m, 18H); 5.86 (s, 
2H); 4.33-3.59 (m, 4H). 13C NMR (400 MHz, DMSO) 160.1; 152.6; 147.2; 138.4-135.2; 127.6-
120.6; 117.4-110.2; 70.0; 69.3; 48.5. MALDI-TOF/MS  (m/z): 600 [L3’-2H]+. 
3.3 Synthesis of metal complexes of L3 
3.3.1. Transition and post- transition metal complexes 
The syntheses of metal complexes were carried out in a 1:1 ligand-to-metal molar ratio. 
The appropriate metal salt (0.035 mmol) in absolute ethanol (5 mL) was added 
dropwise to a stirred solution of the ligand L3 (0.035 mmol) in the same solvent (25 
mL). The resulting solution was heated and stirred for 4h, and the solvent was partially 
removed to ca. 5 mL. The products were filtered off, washed with cold absolute ethanol 
and diethyl ether, and dried, yielding the metal complexes of the ligand.  
[CuL3](BF4)2.H2O: Colour: orange (92%). Anal. Calc. for C36H32B2CuF8N4O6 (MW: 
853.82): C, 50.6; H, 3.8; N, 6.6. Found: C, 50.3; H, 3.8; N, 6.5%. Yield: 92%. IR (KBr, cm-1): 
1646 [ν(C=N)py]; 1603, 1456 ν(C=N)py and ν(C=C); 1136, 1084, 1037, 801 ν(BF4-). 
MALDI-TOF-MS (m/z) (CH2Cl2-dithranol): 835.80 [Cu(L3+H)(BF4)2]+. 
[ZnL3](BF4)2.2H2O: Colour: orange (94%). Anal. Calc. for C36H34B2F8N4O7Zn (MW: 
873.67): C, 49.5; H, 3.9; N, 6.4. Found: C, 49.6; H, 3.9; N, 6.4%. IR (KBr, cm-1): 1645 
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ν(C=N)py, 1601, 1456 ν(C=N)py and ν(C=C), 1085, 1038, 804 [ν(BF4-)].  MALDI-TOF-MS 
(m/z) (CH2Cl2-dithranol): 661.01 [Zn(L3-H)]+. 
3.3.2. Lanthanide metal complexes 
The syntheses of metal lanthanide complexes were carried out in a 2:1 ligand-to-metal 
molar ratio. The appropriate metal salt (0.035 mmol) in absolute ethanol (5 mL) was 
added dropwise to a stirred solution of the ligand L1 (0.070 mmol) in the same solvent 
(25 mL). The resulting solution was heated and stirred for 4h. It was a pale red-orange 
solid precipitated by cooling the reaction and a green solution. The red-orange solid was 
filtered and washed with absolute ethanol. The green solution was dried obtain a solid 
black / green with a very low percentage of carbon, suggested to be an excess of metal 
salt in solution.  
 [Eu(L3)4-3H].H2O: Colour: Green (38%). Anal. Calc. for C143H118EuN17O21 (MW: 
2561.79): C, 67.0; H, 4.6; N, 9.2. Found: C, 67.1; H, 4.9; N, 8.9%. IR (KBr, cm-1): 1635 
ν(C=N)py; 1601, 1449 ν(C=N)py and ν(C=C). MALDI-TOF-MS (m/z) (CH2Cl2-dithranol): 
931.05 [Eu(L3+H)(NO3)3]+. 
 [Sm(L3)4-3H]: Colour: red  (27%). Anal. Calc. for C143H116SmN17O (MW: 2542.78): 
C, 67.5; H, 4.6; N, 9.3. Found: C, 67.5; H, 4.9; N, 9.0%. IR (KBr, cm-1): 1636 ν(C=N)py; 1601, 
1448 ν(C=N)py and ν(C=C). MALDI-TOF-MS (m/z) (CH2Cl2-dithranol): 754.07 [SmL3].  
 
3.3.3. Synthesis of silver nanoparticles with variable size 
The synthesis was performed following the method published previously by A. J. 
Frank.14 To four 20 mL borosilicate vials (VWR), the following solutions were added in this 
order: 2.0 mL of 1.25.10-2 M sodium citrate, 5.0 mL of 3.75.10-4 M silver nitrate, and 5.0 mL of 
5.0.10-2 M hydrogen peroxide. Then, to each vial a different volume of 1.0.10-3 M potassium 
bromide was added as follows: 40 µL, 25 µL, 20 µL, 0 µL. For the silver reduction step, 2.5 mL 
of freshly prepared 5.0.10-3 M sodium borohydride was added. Once all reagents were 
combined, the caps were placed on the vials and they were carefully swirled to fully mix the 
reactants. Almost immediately, the progression of the reaction becomes evident through the 
visual changes consistent with the growth of silver nanoparticles. Typically, the sequence of 
colour changes from yellow to orange, to violet and to blue for the largest nanoparticles. Was 
takes approximately 3 min to reach a stable colour. 
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4. Results and Discussion 
Compound L3 was synthesized using a one-pot reaction, by direct condensation of 1,5-
bis(2-aminophenoxy)-3-oxopenthane and the commercial carbonyl precursor 8-
hydroxyquinoline-2-carbaldehyde. The reaction was performed by a conventional method, 
heating an ethanolic solution during 4 h. This method led to formation of the final product, L1, 
which could be isolated as an air-stable yellow solid, with ca. 87% yield.  
Following a one-step procedure involving the reduction of L3 with NaBH4, compound 
L3’  was isolated as air stable orange solid, with ca. 92% yield. The reaction pathway is shown in 
Scheme 1. 
The infrared spectrum (KBr disc) of L3 show bands at 1636 cm-1 assigned to the 
vibration mode ν(C=N)imin, and no peaks attributable to unreacted amine or carbonyl groups 
are present. The absorption bands corresponding to ν(C=N) and ν(C=C) vibrations of the 
pyridine and the aromatic groups appear in their expected positions at 1602 and 1457 cm-1, 
respectively.15  
The absence of a band at ca. 1636 cm-1 in the infrared spectrum (KBr disc) of L2 
confirms the reduction of the imine group. The absorption bands corresponding to ν(C=N) and 
ν(C=C) vibrations of the pyridine and the aromatic groups appear at 1601 and 1448 cm-1.  
The matrix assisted laser desorption time-of-flight mass (MALDI-TOF-MS) spectrum 
of L3 shows a parent peak at m/z 599.14 (100%), corresponding to the protonated form of the 
ligand [L3+H]+, obtained irradiating the sample at 337 nm by a N2 laser. The MALDI-TOF-MS 
mass spectrum of L3’ shows two peaks at m/z 601.23 (95%) and 623.22 (20%) attributable to 
the fragments [L3’+H]+ and [L3’+Na]+. These results confirm the integrity of both ligands in this 
technique.  
 The 1H and 13C NMR spectra of compounds L3 and L3’ were recorded using DMSO-d6 
as solvent. Proton signals were assigned upon standard 2D homonuclear (COSY) and 1H/13C 
heteronuclear (HMQC) spectra. 1H NMR spectra of chemosensor L3 shows a peak at ca. 8.70 
ppm, corresponding to the imine protons, and no signals corresponding to the primary amine or 
aldehyde protons. The absence of the peak at ca. 8.70 ppm in the 1H NMR spectrum of 
chemosensor L3’ confirms again the reduction of the imine.  
In both cases, in the 1H NMR spectra, the aromatic hydrogen atoms were observed as 
multiple signals in the aromatic region of the spectrum. In the 1H NMR spectra of ligand L3 
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these signals appeared between 8.36-6.23 ppm, while in the case of ligand L3’ appeared between 
8.29-6.17 ppm.  
Multiple signals in the aliphatic region of the spectrum at 4.24-3.70 (L3) and 4.33-3.59 
(L3) were assigned to the protons of the ethylene bridges. 
The presence of nine potential donor atoms in both L3 and L3’ gives them strong 
coordination properties towards metal ions.  
Thus, we studied the coordination ability of chemosensor L3 with hydrated 
tetrafluoroborate salts of Cu2+, Zn2+ and nitrate salts of Eu3+ and Sm3+. The reaction of L3 with 
Cu2+ and Zn2+ metal salts in a 1:1 ligand-to-metal molar ratio in absolute ethanol led to 
compounds of general formulas [ML3](BF4)2.xH2O (M = Cu2+ and Zn2+) in very good yields 
(92-94 %). The reaction of L3 with Eu3+ and Tb3+ metal salts in a 1:1 ligand-to-metal molar ratio 
in absolute ethanol led to compounds of general formulas [Eu(L3)4-3H].H2O (M = Eu3+ and 
Sm3+) with moderate yields (27-38 %). 
All metal complexes were soluble in DMSO and DMF, but insoluble in EtOH, MeOH, 
H2O, CH2Cl2 and CHCl3. All compounds were characterized by elemental analysis, IR, and UV-
Vis spectroscopy, and MALDI-TOF mass spectrometry. 
The IR spectra were recorded as KBr discs. In the IR spectra of the Cu2+ and Zn2+ 
tetrafluoroborate complexes of ligand L3, the ν(C=N)py bands of the pyridine rings are generally 
shifted to higher wavenumbers than those in the free ligand, confirming the coordination of the 
pyridine quinolyl groups to these metal ions.16 In the case of the lanthanide metal complexes of 
ligand L3 the pyridine bands were not shifted, suggesting that the pyridine groups were not 
coordinated to Eu3+ and Sm3+ metal ions. 
The IR spectra of the tetrafluoroborate complexes show bands at ca. 1136, 1084, 1037, 
801 indicating that these groups were involved in hydrogen bonding interactions.17 
MALDI-TOF-MS spectra of solid complexes were obtained in dichloromethane, using 
dithranol as MALDI matrix. Peaks corresponding to the protonated complex fragments 
[M(L3+H)(X)n]+,  [M(L3-H)]+, [M(L3+H)(X)n]+, [ML3] (X = NO3, BF4; n = 2, 3) were observed 
confirming the proposed coordination schemes. 
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4.1. Spectrophotometric studies 
4.1.1. Effect of deprotonation on compounds L3 and L3’ 
All the spectroscopic studies have been done in pure DMSO, because compounds L3 
and L3’ showed low solubility in water and precipitated in water-DMSO solutions (50:50, v/v). 
First, we performed the photophysical characterization of  L3 and L3’ in DMSO solution. In 
order to explore the photophysical properties of compounds L3 and L3’ under basic conditions, 
tetramethylammonium hydroxide was added to DMSO solutions of these compounds. Figure 1 
shows, the absorption, emission and excitation spectra of the doubly deprotonated  species [L3-
2H]2-  in DMSO solution at 298 K. This species was obtained after titration of L3 in DMSO with 
ca. 300 equivalent of tetramethylammonium hydroxide. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Absorption, emission, and excitation spectra of deprotonated specie [L3-2H]2- in 
DMSO solution ([L3] = 1.0.10-5 M, λexc = 400 nm, λem = 534 nm).  
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 Figure 2 shows the absorption and emission spectra of L3 in DMSO as a function of the 
increasing amounts of tetramethylammonium hydroxide added at room temperature. The 
absorption spectrum is only affected by deprotonation in the region of the quinoline ring. A new 
absorption band centered at 525 nm appears with deprotonation (see figure 2A) at the same time 
that the fluorescence intensity is strongly enhanced. A new non-structured emission band 
appears centred at 534 nm as function of the equivalents of base added. The inset shows the 
fluorescence at 534 nm corresponding to the deprotonated specie [L3-2H]2- emission. 
Stabilization was obtained after the addition of ca. 300 equivalent of base. Similar results were 
observed after titration of L3’ in DMSO with tetramethylammonium hydroxide. 
The absorption spectrum of [L3-2H]2- in DMSO solution shows one band centered at 
250 nm, attributable to the π-π* transitions in the ligand. The band presents a long tail, up to 
400 nm (see figure 1) .18 Although the excitation spectrum was better resolved than the 
absorption spectra, the bands are coincident in both. The emission spectrum shows one band 
centered at 534 nm. Similar results were obtained in the photophysical characterization of 
deprotonated ligand [L3’-2H]2- in DMSO solution. 
Generally, the fluorescence of chemosensors incorporating 8-HQ units is weak due to 
the competition between the intermolecular photoinduced proton transfer (PPT) from the 
hydroxyl group of the molecule, and the photo-induced electron transfer (PET) from the 
amines.19 Consequently, both PPT and PET processes can quench the fluorescence emission in 
substituted quinolines. 
 
 
 
 
 
 
 
 
 
 
!!
Chapter 3 !! !
106!
 
 
 
 
 
 
 
 
 
 
Figure 2. Absorption (A) and fluorescence emission (B) titrations of DMSO solution of L3 as a 
function of increasing amounts of tetramethylammonium hydroxide (1.00.10-2 M). The inset 
shows the normalized fluorescence intensity at 534 nm ([L3] = 1.00.10-5 M, λexc = 400 nm); 
(dotted line: spectra of the neutral form of L3; bold line: spectra of the deprotonated specie [L3-
2H]2-).  
The enhanced effect observed after the addition of tetramethylammonium hydroxide is 
consistent with this explanation; in this case, we can suggest that the PPT mechanism is a 
stronger quencher than the PET. 
Next, we determined the relative fluorescence quantum yields of ligands L3 and L3’, and 
the corresponding deprotonated species [L3-2H]2- and [L3’-2H]2-, in order to acquire quantitative 
information about their potential performance as sensors. The values were determined using a 
0.1 M solution of quinine sulphate in 0.5 M H2SO4 as standard (φ = 0.546) .20 The photophysical 
characterization of all of the species is summarized in Table 1. 
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Table 1. Optical data for chemosenors L3 and L3’, and the deprotonated species [L3-2H]2- and 
[L3’-2H]2-  in DMSO at 298 K. 
 
 
Two deprotonation steps for the interaction of chemosensors L3 and L3’ in the presence 
of tetramethylammonium hydroxide could be inferred from the spectroscopic results upon 
titration, however only the dianionic species appears to be stable over time.   
 
4.1.2. Visual sensing of deprotonation process in ligand L3 
Interaction of L3 with the basic anions (OH- and F-) was investigated by 
spectrofluorimetric titration, adding a standard solution of the corresponding 
tetrabutylammonium salts in DMSO to a solution of compound L3 at room temperature in the 
same solvent. 
The neutral form of  L3  shows a very low fluorescence emission in DMSO with a very 
weak emissive band at ca. 440 nm.  
There is also a long-wavelength emission band at 560 nm whose origin could be 
attributed to phosphorescence. This hypothesis was discarded after registering the 
phosphorescence emission spectrum in a glass of methanol:ethanol 1:1 with 10 microliters of a 
Compound λmax (nm); log ε λ em (nm) Δλ  (nm) φ  
L3 268 (4.47) 440 40 0.01 
340 (4.36) 
400 (sh) 
L3’ 263 (4.52) 443 43 0.01 
338 (4.41) 
400 (sh)!
[L3-2H]2- 260 (4.73) 534 134 0.22 
330 (4.54) 
400 (sh)!
[L3’-2H]2- 256 (4.82) 534 134 0.08 
330 (4.61) 
400 (sh)!
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0.1 M solution of  Fluor tetramethylamonium, F- in DMSO at T= 77 K. This spectrum displayed 
a maximum at 445 nm and a lifetime of 0.7 ms, showing that the long wavelength emission with 
L3 is not originating from RT phosphorescence. 
Time-resolved experiments were conducted aiming to further elucidate the excited state 
equilibria and the origin of the different emission bands. 
In the case of L3 the emission spectra (figure 4) displays a single band with a maximum 
at ~440 nm; the corresponding fluorescence decay of L3 in DMSO is depicted in figure 3. The 
presence of two decay times suggests that some additional component (small impurity) or 
degradation product may be present. However, it is clear that the long (1.49 ns) component 
represents 93% of the total fluorescence decay and should therefore be associated to the decay 
time of the neutral form of L3. 
 
 
 
 
 
 
 
 
 
Figure 3. Fluorescence decay for L3 (1.012x10-5 M) in DMSO, obtained with excitation at 378 
nm and emission at 440 nm. The fit is to a double exponential decay law. The decay times are 
0.46 ns and 1.49 ns, with the longer decay component representing 93% of the overall decay. 
For a better judgment of the quality of the fits, shown as insets are the χ2 value, weighted 
residues (W.R.) and autocorrelation function (A.C.). 
 
During the titration with fluoride anions, two new bands appeared at ca. 560 and 680 
nm, which can be assigned to two new species in solution: the di-deprotonated [L3-2H]2- and the 
mono-deprotonated [L3-H]- forms, respectively. 
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In the case of L1 in the presence of F- (0.1 M) the fluorescence decays collected at 440 
nm and 560 nm are now clearly bi-exponentials –mirroring the ground and excited state 
equilibria between the L3 and [L3-H]- species - with decay components of 70 ps and 1.32 ns; 
moreover there is an increment of the pre-exponential factor associated to the 70 ps component 
upon going from 440 nm (L3 emission) to 560 nm ([L3-H]--emission). In none of the emission 
wavelengths a rising component could be observed; this means that the excited state equilibria 
is, essentially, resulting from direct excitation of the two species in the ground-state. However, 
it should be stressed that this should not be considered a final attribution, since solutions were 
found to change with time.  
After addition of F-, the colorless DMSO solution of chemosensor L3 changed to pale 
pink (see figure 4). After 48h, only the band assigned to the mono-deprotonated [L3-H]- species 
(ca. 680 nm) persisted, partially restoring the band assigned to the neutral ligand at 440 nm. 
In attempt to stabilize the emissive dye [L3-H]- we encapsulated these species into the 
polymeric matrix polymethylmethacrylate (PPMA) (see figure 4). As can be seen in the figure, 
the pink-red colour is maintained in the polymer sample and shows an emission spectra similar 
to that in solution. 
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Figure 4. Visual sensing of deprotonation process in ligand L3 after interaction with F- and OH- 
anions in DMSO. 
 
After titration with hydroxide anions, only the band at ca. 560 nm, assigned to the di-
anionic [L3-2H]2- species was observed. The colorless DMSO solution of chemosensor L3 
changed to intense yellow (see figure 4). After 48h, no changes were observed. In that case, the 
tetramethylammonium hydroxide was enough to form and stabilized the di-anionic [L3-2H]2- 
species directly. 
The fluorescence decays collected at 560 nm (after more than 48) for L3 in a solution of 
[OH-]= 0.1M, display a decay time (88% of the total) of 1.3 ns which should therefore be 
identified to the di-anionic [L3-2H]2- species. 
From the fluorescence quantum yields in table 1 for the L1 (ψF=0.01) and [L3-2H]2- (ψF 
= 0.22) and the lifetime values for each one of these species reported above (1.49 ns for L3 and 
1.29 ns for the di-anionic [L3-2H]2-  species) the radiative, kF(ψF/τF) and radiationless rate 
constants, kNR (= (1-ψF)/τF), values could be obtained. In the case of the radiationless rate 
constant, it presents similar values for the two species: 0.665 ns-1 for L3 and 0.607 ns-1 for [L3-
2H]2-. However, the same does not happen with the radiative rate constant, which is found to be 
one order of magnitude higher with the dianionic species [L3-2H]2- (kF = 0.168 ns-1) when 
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compared with L3 (kF = 0.006 ns-1). This clearly denotes the more emissive nature of the di-
anionic species (leading to a more operative deactivation through the radiative deactivation 
channel) and the operative non-radiative channel is identical with the two species. Although the 
intersystem crossing yields were not determined for the two species, it is likely that the effective 
radiationless channel is the internal conversion S1~~→S0 and it is the decrease of the 
contribution of this in the [L3-2H]2- species that increases the radiative rate channel.  
 
4.1.3. Metal ion titrations 
In order to explore the behavior of the deprotonated compound [L3-2H]2- as a 
chemosensor towards Cu2+, Zn2+, Eu3+ and Sm3 and the behavior of the deprotonated 
chemosensor [L3’-2H]2-  towards Cu2+ and Zn2+, several metal titrations followed by absorption 
and emission were performed. These sensing studies were carried out using DMSO as solvent. 
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Figure 5. Absorption (A and C) and fluorescence emission (B and D) titrations of DMSO 
solution of deprotonated chemosensors [L3-2H]2- (A and B) and [L3’-2H]2- (C and D) as a 
function of increasing amounts of Cu2+ ions. The insets show the absorption at 350 nm, and the 
normalized fluorescence intensity at 529 nm ([L3] = [L3’] = 1.00.10-5 M, λexc = 400 nm). The 
neutral species is represented as dotted line. 
 
 Figure 5 shows the absorption and emission spectra of the deprotonated chemosensors 
[L3-2H]2- and [L3’-2H]2- in the presence of increasing amounts of Cu2+. The insets show the 
absorption reads at 350 nm and the normalized fluorescence intensities at 529 nm. Upon 
addition of 1 equiv of Cu2+ to the doubly deprotonated chemosensor ([L3’-2H]2-), the emission 
disappears, reaching a plateau. In the case of doubly deprotonated ligand ([L3-2H]2-), a greater 
number of equivalents of Cu2+ were necessary to achieve the equilibrium, indicating that the 
reactivity of this specie was lower. Similar results were obtained after the titration of 
deprotonated forms [L3-2H]2-  and [L3’-2H]2- with Zn2+. 
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The stability constants for the interaction of [L3-2H]2- in the presence of Cu2+, Zn2+, Eu3+ 
and Sm3+ and for the interaction of [L3’-2H]2- in the presence of Cu2+ and Zn2+ were calculated 
using HypSpec software and are summarized in Table 2 .21 
Table 2. Stability constants for deprotonated chemosensors [L3-2H]2- and [L3’-2H]2-  in the 
presence of some metal ions in DMSO. 
 
 
 
 
 
 
 
 
4.1.4. Studies of silver nanoparticles with variable size 
Another field in which compounds with the structure of a FC can find interesting 
applications is the stabilization of metal nanoparticles. In that case, different silver nanoparticles 
were titrated with the deprotonated compound [L3-2H]2-.  
Following the method described by A. J. Frank et al., silver nanoprisms with variable 
size were synthesized.22 Potassium bromide limits the growth of the silver nanoparticles, 
leading to smaller sizes of nanoprisms being produced and allowing size control. Therefore, 
using different concentrations of bromide in the reaction media enables variation of the size of 
silver nanoprisms and, as a result, the colours of their dispersion change (see figure 6). 
 
 
 
 
 
Ligand Interaction ( M:L) 
L = [L3-2H]2-- [L3’-2H]2- 
Σ log β (Emission) 
 
[L3-2H]2-  
Cu2+ (1:1) 4.37 ± 4.11.10-2 
Eu3+ (1:4) 18.12 ± 1.92.10-2 
Sm3+ (1:4) 19.57 ± 2.89.10-2 
 
[L3’-2H]2- 
Cu2+ (1:1) 1.70 ± 1.73.10-2 
Cu2+ (2:1) 11.63 ± 1.73.10-2 
Zn2+ (1:1) 6.70 ± 8.57.10-3 
Zn2+ (2:1) 11.74 ± 8.57.10-3 
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Figure 6. Pictures of the aqueous dispersions of the silver nanoprisms of four different sizes 
synthesized using volumes of 1.0.10-3 M potassium bromide: (A) 40 µL KBr, yellow solution; 
(B) 25 µL KBr, orange solution; (C) 20 µL KBr, violet solution; and (D) 0 µL KBr, blue 
solution. 
Addition of different volumes of compound [L3-2H]2- (8.10-5 M) in DMSO in the 
presence of NaOH to yellow or blue silver nanoprisms, allowed us to obtain silver nanoparticles 
with the size and Z potential showed in the table 3.  
 
As can be seeing in table 3 addition of increasing amounts of ligand to the nanoparticles 
increases their size and reduces the Z potential. These results suggest some aggregation between 
the nanoparticles a reduction of the stability of these functionalized nanoparticles in solution. 
Since the plasmonic band changes with the addition of the ligand, (see figure 7), further studies 
using this ligand in DMSO as stabilizer to produce a more sensible chemosensor for metal ions 
are prevented. 
Table 3. Sizes and Z potential values of silver nanoparticles in the presence of ligand L1. 
Sample Size (nm) Z Potential (mV) 
Yellow silver nanoparticles 50nm -36,2 
Yellow silver nanoparticles + 230 µl of L3 70nm -27 
Yellow silver nanoparticles + 230 µl L3 (15 h. later) 85nm -25,4 
Blue silver nanoparticles 75nm -38 
Blue silver nanoparticles + 230 µl of L3  80nm -28 
Blue silver nanoparticles + 230 µl of L3 (15 h. later) 85nm -26 
[L3] = 8.10-5 M 
A! B!
A" !
C! D!
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4.2. Spectrometric studies by MALDI-TOF mass spectrometry 
In order to explore the interaction of ligands, L3 and L3’, as molecular probes with Cu2+ 
and Zn2+ ions in the gas phase, studies by MALDI-TOF-MS were performed. Both ligands were 
dissolved in dichloromethane and the metal salts in acetonitrile. Two different strategies were 
explored in this kind of experiments. First, three solutions containing the ligand (1 µL), the 
MALDI matrix (α-cyano), and the metal salt (1 µL) were mixed and then applied in the 
MALDI-TOF-MS sample holder. The second method consisted of a layer by layer addition: a 
solution of L3 and L3’ mixed with the matrix (α-cyano) was spotted in the MALDI-TOF plate 
and then dried; subsequently, 1 µL of the solution containing the metal salt was placed on the 
sample holder, which was then inserted in the ion source. For the second case, the chemical 
 
 
 
 
 
 
 
 
Figure 7. Pictures of the aqueous dispersions of the silver nanoprisms of four different sizes 
synthesized using volumes of 1.00.10-3 M potassium bromide: (A) 40 µL KBr, yellow solution; 
(B) 25 µL KBr, orange solution; (C) 20 µL KBr, violet solution; and (D) 0 µL KBr, blue 
solution. 
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reaction between the ligand and the metal salts occurred in the holder, and the complex species 
were produced in gas phase. The results of the MALDI-TOF-MS metal ion titrations are 
summarized in table 4. 
 
Table 4. Stability constants for deprotonated chemosensors [L3-2H]2- and [L3’-2H]2- in the 
presence of some metal ions in DMSO. 
X1 = matrix = α-Cyano-4-hydroxycinnamic acid = C10H7NO3 
 
In general, the parent peak of the iminic ligand, L3, in the MALDI-TOF-MS appears 
always at 599.14 m/z. This peak can be unambiguously attributed to the protonated specie 
[L3+H]+.  
Upon addition of 1 equiv of Cu2+, the peak attributable to the ligand disappears, and a 
new peak with 100% of relative intensity appears at 661.08 m/z (by layer-by-layer deposition) 
and with 100% of relative intensity at 661.13 m/z (dried droplet). This peak corresponds to the 
mononuclear species [CuL3]+ confirming the formation of the mononuclear complex (see figure 
8). A second peak at 723.04 m/z (by layer-by-layer deposition) and 723.99 m/z (by solution 
sample), attributable to the dinuclear species [Cu2L3-H]+ also was detected. Upon addition of 2 
equiv of Cu2+ to ligand L3, no changes were observed in the MALDI-TOF-MS spectra. Similar 
results were obtained after titration of chemosensor L3’ with Cu2+ using the dried doplet method 
(figure not shown). 
It is important to mention that the peaks assignable to the protonated ligands [L3H]+ and 
[L3’H]+ at 599.14 m/z and 601.23 m/z , respectively, do not disappear after titration with Zn2+, 
and no peaks assignable to the dinuclear species were observed. This result can suggest a small 
stable complex with Zn2+ in gas phase. 
Metal titration L3 (a.m.u.) L3+M (a.m.u.) L3+2M (a.m.u.) 
Cu2+ 
“dried doplet” 599.14 (100%) – [L
3+H]+  661.08 (100%) -- [CuL
3]+  
723.99 (52%)  --[Cu2L3-H]+ 
661.06 (100%) -- [CuL3]+  
723.96 (58%)  --[Cu2L3-H]+ 
Cu2+ 
“layer-by-layer” 599.14 (100%) – [L
3+H]+  661.13 (100%) -- [CuL
3]+  
724.04 (20%)  --[Cu2L3]+ 
661.11 (100%) -- [CuL3]+  
723.99 (22%)  --[Cu2L3-H]+ 
Zn2+ 
“dried doplet” 599.14 (100%) – [L
3+H]+ 599.18 (100%) – [L
3+H]+ 
661.08 (72%) -- [ZnL3-H]+  
599.17 (100%) – [L3+H]+ 
661.07 (100%) -- [ZnL3-H]+ 
Metal titration L3’ (a.m.u.) L3’+M (a.m.u.) L3’+2M (a.m.u.) 
Cu2+ 
“dried doplet” 
601.23 (95%) – [L3’+H]+ 
623.22 (20%) – [L3’+Na]+ 
663.14 (100%) -- [C L3’-2H]+  
725.05 (40%)  --[Cu2 L3’-3H]+  
663.12 (100%) -- [Cu L3’-2H]+  
725.02 (55%)  --[Cu2 L3’-3H]+ 
Zn2+ 
“dried doplet” 
601.23 (95%) – [L3’+H]+ 
623.22 (20%) – [L3’+Na]+ 
601.23 (95%) – [L3’+H]+ 
664.17 (50%) -- [Zn L3’-2H]+  
601.23 (95%) – [L3’+H]+ 
665.15 (78%) -- [Zn L3’-H]+ 
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4.3.   DFT studies 
The aim of doing computational simulations of the photochemical behaviour of the 
chemosensor L3 in its three protonation states is twofold: first, we are interested in simulating 
the emission spectra to identify the transitions that provoke a largely red shifted band upon 
single deprotonation whereas the doubly deprotonated ligand shows a less significant shift with 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. MALDI-TOF-MS mass spectra of compound L3 after titration with Cu(BF4)2 (1 
equiv of metal) using two methods: a dry droplet and layer-by-layer deposition. 
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respect to the neutral chemosensor; and second, we would like to rationalize the fact that the 
chemosensor shows weak fluorescence properties whereas the anionic and the dianionic forms 
are more and strongly fluorescent, respectively. 
In terms of computation, these goals imply the rather complex task of simulating the 
geometrical relaxation of the ligand on the excited state potential energy surface reached upon 
photon absorption (see Figure 9). This task is nowadays less daunting thanks to the 
implementation of analytical gradients of the energy for excited state electronic configurations 
in CIS methods. The emission properties of L3, [L3-H]- and [L3-2H]2- are summarized in Table 
5.  
 
 
 
 
 
 
 
 
 
Figure 9. Schematic indicating the level of theory employed for each of the steps involved in 
photoexcitation and photorelaxation processes. 
 
Table 5. Emission properties of  L3, [L3-H]- and [L3-2H]2- computed at the cam-B3LYP/6-
31G(d) level of theory. 
 
 
 
 
Protonation state Emission energy (nm) Emission energy (eV) 
L1 2460 0,5 
[L1-H]- 541 2,3 
[L1-2H]2- 513 2,4 
!!
Chapter 3 !! !
119!
Regarding the red shifted bands in the fluorescence spectra, it is worth noting that the 
shift observed experimentally (from ca 680 nm for [L3-H]- to 560 nm for [L3-2H]2-) only means 
a difference of 9 kcal/mol between the two transitions. Such trend is, qualitatively, well 
described in the results obtained with cam-B3LYP summarized in table 5.  
An analysis of the orbitals involved in this emission process reveals that in both cases, 
the HOMO and LUMO of a single deprotonated quinoline moiety are the orbitals involved in 
the relevant transitions (Figure 10), so the differences in energy, therefore, may be attributed to 
conformational/geometric differences between the monoanionic and the dianionic forms. 
 
 
 
 
 
 
 
 
 
 
Figure 10. HOMO (top) and LUMO (bottom) orbitals involved in the computed 513 nm 
fluorescent transition of [L3-2H]2-. 
Fluorescence usually encompasses a three stage mechanism that is initiated with the 
absorption of a photon associated with the electronic excitation to the state S1. After this, the 
geometry of the fluorophore relaxes along the S1 surface until a stationary point is reached. In 
fluorescence this relaxation usually involves minor structural changes (see red line in figure 9). 
In a third step, the radiative relaxation occurs from the latter stationary point. In this framework, 
the reduced fluorescent properties of the neutral form of L3 could be attributed to the 
competition of a non-radiative relaxation path. Such a process often implies the existence of an 
intersystem crossing, a photoinduced proton transfer, or another kind of large scale geometrical 
relaxation. 
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Interestingly, the CIS computation of the most stable neutral conformation of L3 
showed two closely lying excited states associated with large oscillator strengths (i.e. transitions 
allowed by symmetry rules). These two excited states involve very similar transitions: from the 
HOMO and HOMO-1 to the LUMO and to the LUMO+1, respectively (see figure 11). 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. The molecular orbitals associated with the S1 and S2 excited states of the neutral 
chemosensor L3. 
In this scenario we decided to explore both excited states, instead of considering only 
the lowest one. Gratifyingly, after vertical excitation, the excited state S1 led to a large scale 
geometrical rearrangement whereas the second excited state, S2, only suffered minor changes 
until a stationary point was found. Furthermore, we followed the large scale geometrical 
relaxation suffered by L3 upon excitation to S1 and we found that, in fact, the non-radiative 
process does not imply a photoinduced proton transfer, but a photoisomerization of one of the 
imine bonds instead. Once S1 is reached, a rotation about the imine double bond is initiated that 
leads to a meta-stable minimum performing a C-C-N-C 90 degree dihedral which implies the 
complete rupture of the double bond. From this minimum on the S1 surface, the relaxation to 
the ground state can easily occur via thermal damping (0,5 eV). The topology of these nearby 
excited states is in good agreement with the reduced fluorescence observed for the neutral 
species: only the transitions reaching S2 will result in fluorescence whereas transitions reaching 
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S1 promote the imine double-bond isomerization. 
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Chapter 4  
The pyrene ability to form dimers and excimers 
in water: a steady-state and time-resolved 
investigation on a new flexible chemosensor 
 
1. Abstract 
 
One novel chemosensor with podand structure (L4) derived from 1,5-bis(2-
aminophenoxy)-3-oxopenthane bearing two pyrene units has been synthesized and its 
photophysical properties investigated in different solvents in the absence and presence of 
metal cations. In order to study their potential efficacy as fluorescent probe, the coordination 
ability of probe L4 towards Ag+, Cu2+ and Zn2+ metal ions has been explored in solution (by 
UV–Vis and emission spectroscopy) and in gas phase (by MALDI mass spectrometry). In 
addition, the model compound P (where only a single pyrene unit exists) was also 
synthesized and investigated aiming providing clues for the interpretation of the 
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photophysical behavior of L4. From the steady-state and time resolved data it is shown that 
the ligand is sensible to both the water content of media and to the metal ions in both the 
ground and excited singlet states. The presence of a dimer (ground state) and excimer (singlet 
excited state) was established and the relative contribution of each to the long emission 
wavelength band found to be dependent on the metal ion. The fluorescence emission 
properties were found to be critically dependent on the excitation wavelength. 
 
2. Introduction 
 
Selective detection of transition metal ions by using self-organized Schiff-base host 
molecules is a well established field in the realm of host guest supramolecular chemistry1 and 
nowadays is still an area of current interest.2,3 Several conjugate macrocyclic and acyclic 
Schiff-base chemosensors based on polyoxa and/or oxaaza,4 polyaza5 and azathia6 as receptor 
units, can be found in the scientific bibliography. 
In recent years, we have studied a number of polyaza, polyoxaaza and polythioaza 
systems as potential chemosensors for the recognition of metal ions.7 
In this regard, chemosensors that can highly sensitively and selectively detect heavy 
and transition metal ions (HTM) such as Hg2+, Pb2+, Cd2+, and Cu2+ are especially important 
to produce.8 
Chemosensors based on the ion-induced changes in fluorescence have been actively 
investigated because of their simplicity and high detection limit for fluorescence.9 One 
attractive approach in the detection of cations is using fluorescent spectroscopy as the sensing 
tool of choice. Fluorescence is a very sensitive technique, inexpensive, versatile, non-
destructive and the experiments are easily performed.10 
To fulfill efficient detection of targeted molecules with a chemosensor, it should be 
pursued in accordance with literature precedence that the sensing ability of the chemosensor 
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is dependent upon the interaction between the recognizing unit (ionophore) responsible for 
selectively binding the ions and the fluorogenic unit (fluorophore) for signal transduction, 
whether by fluorescence enhancement or inhibition.11 
The signal conducting mechanism, such as Photoinduced Electron Transfer (PET), 
Intramolecular Charge Transfer (ICT), and Förster Resonance Energy Transfer (FRET) 
provides a connection between the binding event and the reported signal.12 
The pyrene moiety is one of the most useful fluorophores for the construction of 
fluorogenic chemosensors for a variety of important chemical species.13 Particularly, the 
introduction of two pyrene moieties can be situated closely enough to yield face-to-face 
(which can be sandwich-like or deviated from planarity orientation for the excimer 
emission).14 Moreover, the interaction of the pyrene units can be made in the ground (dimer) 
or excited state leading to different (emission, absorption and excitation) spectra and 
photophysical behavior. Therefore, the presence of a dimer absorption will also lead to 
contribution of direct excitation of this species to the long emission band characteristic of the 
pyrene excimer. Indeed, upon coordination with a specific guest ion, the resulting compound 
could be fine-tuned to yield monomer and/or excimer/dimer emissions depending on the 
orientation of the two pyrene moieties.15 Utilizing the pyrene moiety of monomer vs. excimer 
emission, a variety of “on-off” type HTM ion recognition systems were successfully 
devised.16 However, the pyrene excimer “off-on” type system with HTM ions has been rarely 
reported until recently.17 
In this work, we report the synthesis and photophysical characterization of two new 
fluorescence probes P and L4. Chemosensor L4 contains two emissive pyrene units as 
chromophores linked by a flexible poly-oxa ethylene bridge, in which the excimer “on-off” 
system is promoted by the presence of water molecules in the organic solvent (dioxane, 
CH3CN and CH2Cl2) medium. 
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3. Experimental section 
 
3.1. Physical Measurements 
Elemental analyses were performed in a Fisons EA-1108 analyzer at the CACTI, 
University of Vigo Elemental analyses Service. Infra-red spectra were recorded as KBr discs 
on a Bio-Rad FTS 175-C spectrophotometer. 1H, 13C, COSY, DEPT and HMQC NMR 
spectra were recorded on a Bruker AMX-500 spectrometer and DMSO was used as the 
solvent in all cases.  
MALDI-TOF-MS analysis were performed in a MALDI-TOF-MS model BRUKER 
Ultraflex II workstation equipped with a nitrogen laser radiating at 337 nm from Bruker 
(Germany) at the BIOSCOPE Group, Universidade de Vigo. The spectra represent 
accumulations of 5 x 100 laser shots. The reflectron mode was used. The ion source and 
flight tube pressures were less than 1.80 x 10-7and 5.60 x 10-7 Torr, respectively. The MALDI 
mass spectra of the soluble samples (1 or 2 mg/mL), such as the ligand and metal complexes 
were recorded using the conventional sample preparation method for MALDI-MS. 
UV/Vis absorption spectra (220-900nm) were performed using a JASCO-650 UV–
Vis or Schimadzu 2100 spectrophotometers and fluorescence spectra on a HORIBA JOBIN-
YVON Fluorog4 or Fluorog 3-22 spectrometers. All of the fluorescence spectra were 
corrected for the wavelength response of the system. The linearity of the fluorescence 
emission vs. concentration was checked in the concentration range used (10-5-10-6M). A 
correction for the absorbed light was performed when necessary. 
The fluorescence decays of the compounds were obtained with picosecond resolution 
with an equipment elsewhere described18 and were analyzed using the method of modulating 
functions implemented by Striker.19 The experimental excitation pulse (FWHM = 21 ps) was 
measured using a LUDOX scattering solution in water. After deconvolution of the 
experimental signal, the time resolution of the apparatus is ca. 2 ps. 
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All spectrofluorimetric titrations were performed as follows: a stock solution of the 
ligand (ca. 1.00 x 10-3M) was prepared by dissolving an appropriate amount of the ligand in a 
50 mL volumetric flask and diluting to the mark with CH2Cl2, dioxane or CH3CN UVA-solv. 
The titration solutions ([L] = 1.00 x 10-6 and 1.00 x 10-5M) were prepared by appropriate 
dilution of the stock solution. Titrations were carried out by addition of microliter amounts of 
standard solutions of the ions dissolved in dioxane, CH2Cl2 and CH3CN. All the 
measurements were performed at 298 K. Luminescence quantum yields were measured using 
a 0.1 M solution of quinine sulfate in 0.5 M H2SO4 as standard (Φ =0.546).20 
 
3.2. Synthesis of organic ligand  L4 
 
Synthesis of P. A solution of 2-methoxyaniline (0.124 g, 1.006 mmol) in absolute 
ethanol (20 mL) was added dropwise to a refluxing solution of 1-pyrene-carboxaldehyde 
(0.231 g, 1.006 mmol) in the same solvent (50 mL). The resulting solution was gently 
refluxed with magnetic stirring for ca. 4h. 
The yellow powder precipitate formed was filtered off and dried under vacuum 
and was characterized as compound P. This compound was soluble in acetonitrile, DMSO, 
dichloromethane, dioxane and toluene, and insoluble in the other common solvents explored. 
Synthesis of L4. A solution of 1,5-bis(2-aminophenoxi)-3-oxopenthane (0.153 g, 
0.531 mmol) in absolute ethanol (50 mL) was added dropwise to are fluxing solution of 1-
pyrene-carboxaldehyde (0.247 g, 1.062 mmol) in the same solvent (75 mL). The resulting 
solution was gently refluxed with magnetic stirring for ca. 4h.  
Solvent removal gave a red oil, which was washed with a mixture of cold 
cyclohexane/diethyl ether. The red powder precipitate formed was filtered off and dried 
under vacuum. The compound was characterized as chemosensor L4. 
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Chemosensor L4 was soluble in acetonitrile, DMSO, dichloromethane, dioxane and 
toluene, and insoluble in the other solvents explored. 
P: Colour: yellow (89%) Anal. Calc. for C24H17NO: C, 85.9; H, 5.1; N, 4.1. Found: 
C, 85.3; H, 5.4; N, 3.9%. IR (KBr, cm-1): 1649 ν(C=N) imine. 1H NMR (400 MHz, DMSO-d6) 
8.87 (s, 1H); 8.46-6.68 (m, 9H); 3.85 (s, 3H). MALDI-TOF/MS (m/z): 336.21 [P+H]+. 
L4: Colour: red (81%). Anal. Calc. for C50H38N2O3.H2O: C, 81.3; H, 5.5; N, 3.8. 
Found: C, 81.7; H, 5.7; N, 3.8%. Yield: 81%. IR (KBr, cm-1): 1647 ν(C=N) imine. 1H NMR 
(400 MHz, DMSO) 9.58 (s, 2H); 8.71-7.98 (m, 18H); 7.32-6.21 (m, 8H); 4.26-4.00 (m, 2H); 
3.92-3.77 (m, 2H). MALDI-TOF/MS (m/z): 713.11 [L4+H]+. 
 
 
Scheme 1. Schematic synthesis of chemosensors L4 
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4. Results and discussion 
Probes P and L4 were synthesized following a one-pot reaction, by direct 
condensation of the commercial carbonyl precursor 1-pyrene-carboxaldehyde and 2-
methoxyaniline and 1,5-bis(2-aminophenoxi)-3-oxopenthane,21 respectively. The reactions 
were performed by a conventional method employing a dean-start system, heating an 
ethanolic solution during 4 h. After purification by several washing and precipitation steps, 
the final products P and L4 could be isolated as an air-stable yellow and red solid, with ca. 89 
and 81% yield, respectively. The reaction pathways for the synthesis of compounds P and L4 
are shown in Scheme 1.  
 
Figure 1. MALDI-TOF mass spectra of compound L4 after titration with Cu(BF4)2.6H2O (1 
equiv of metal) and Ag(BF4)2 (1 equiv of metal). 
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4.1. Spectrophotometric studies 
 The absorption, emission and excitation spectra of L4 were investigated in the 
aprotic solvents dioxane, CH3CN and CH2Cl2 at 298 K and are depicted in Figure 2A 
(dioxane), 2B (CH3CN), Figure 3 (CH2Cl2) and Table 1. 
As can be seen from Figure 2B, the absorption spectrum in acetonitrile reveals the 
presence of two bands in the 250-500 nm region (with a long tail between 400 and 500 
potentially revealing a small additional contribution of a different species) whereas in 
dioxane (Figure 2A) and CH2Cl2 (Figure 3) within the same wavelength range, the absorption 
now clearly presents an addition band in the 400-650 nm wavelength region attributed to the 
dimer of L4. It is worth noting that this band is absent in the case of P (Figure 4) which 
fundaments once more that it results from a ground-state (dimer formation) interaction in L4. 
The emission spectra of L4 in dioxane (Figure 2A) and acetonitrile (Figure 2B) show 
the characteristic bands of the monomer with maxima at 430 in dioxane (Figure 2A), 415 nm 
in acetonitrile (Figure 2B) and 413 nm in dichloromethane (Figure 3) together with the long 
wavelength emission band attributed to the excimer/dimer (at ~490 nm) of pyrene (or 
derivatives); since there is absorption of the dimer the long emissive band potentially mirrors 
the contribution of excimer formation from a static and dynamic routes. Further knowledge 
on the prevalent route can only be obtained from time-resolved data, see below. 
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Figure 2. Absorption, emission and excitation spectra of compound L4 in dioxane (A) and 
CH3CN (B) solution at room temperature; λexcA = 345 nm; excitation spectra collected with 
λemA = 430 nm, λexcB = 345 nm, λemB = 415 nm; [L4]dioxane = 1 x 10-6 M [L4]CH3CN = 1 x 10-5 M. 
 
 
Figure 3. Absorption, emission and excitation spectra of compound L4 in CH2Cl2 solution at 
room temperature; λexc = 368 nm; excitation spectra collected with λem = 413 nm; [L4]CH2Cl2 = 
1.08 × 10-6 M. 
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Figure 4. Absorption and emission spectra of compound P and L4 in dioxane at room 
temperature, lexcL= 373 nm and lexcP = 360 nm, [L4]dioxane = 1 x 10-6 M.  
 
It is also worth noting that the excitation spectra collected in the monomer emission 
region mirrors the absorption spectra of the monomer (see Figures 2A, B), whereas when 
collected in the long emission wavelength band it displays a band in the 400-600 nm (figure 
not shown) which strongly suggests that the great majority of this last band is originated 
through a static via (from pre-formed dimers). 
Moreover, as can be seen in Figure 5, the shape, maxima and relative intensities of 
the spectra is grealty dependent on the excitation wavelength,  
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Figure 5. Emission spectra of L4 in (A) dioxane and (B) CH2Cl2 obtained with different 
excitation wavelengths.  
Table 1. Spectral (absorption and emission wavelength maxima together with the Stokes 
Shift) and fluorescence quantum yield for chemosensor L4 in dioxane, CH3CN and CH2Cl2 at 
298 K. 
 
 
 
 
 
The fluorescence characteristics of L4 were surprisingly found to be strongly 
dependent on the nature of the media. 
As it is shown in Figure 6, the interaction of L4 with water molecules in dioxane 
solution, through the oxygen atoms of the chain presumably changes from its folded 
conformation resulting in the switch-on of the pyrene monomer emission and the switch-off 
Compound λmax(nm); log 
ε 
 
λem (nm) Stokes shift (nm) 
(nm)(Emiss)(E(Em
ission) 
Φflu 
L4 in dioxane 345; 4.74 430 85 0.013 
L4 in CH3CN 345; 4.60 415 70 - 
L4 in CH2Cl2 368; 4.68 413 45 0.012 
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of the pyrene excimer emission. Similar results were obtained after titration of an acetonitrile 
solution of  L4 with water (data not shown). 
Figure 7 shows the absorption and emission spectra of compound L4 in acetonitrile 
solution at room temperature with the variation of the water content in the medium. Upon 
addition of water it is visible an increase of the pyrene monomer emission; this is however a 
reversible situation. Indeed, the subsequent drying (in vacuo) of the dioxane and/or the 
acetonitrile solutions containing chemosensor L4 (with water), leads to the initial spectra in 
this solvents (where both monomer and dimer emission were observed), corroborating the 
reversible interaction of  L4 with the water molecules. 
 
Figure 6. Emission spectra of compound L4 in dioxane solution at room temperature after the 
addition of water (λexc = 377 nm, [L4] = 1.00 x 10-6 M). 
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Figure 7. Emission spectra of compound L4 in CH3CN solution at room temperature with (a) 
the variation of the water content in the medium and (b) after the addition of water (λexc= 366 
nm; [L4] = 1.00 x 10-6 M). 
 
 
 
Figure 8. Schematic presentation of the potential interaction of L4 with water molecules in 
organic (dioxane or CH3CN) media. 
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Figure 8 shows a hypothetical model of the interaction between the water molecules 
with ligand L4. This interaction results in the separation of the two pyrene moieties presented 
in chemosensor L4, producing an increase in the monomer emission band. 
In order to further explore the behavior of compound L4 as a probe towards Cu2+, 
Zn2+ and Ag+, several metal titrations followed by absorption and emission were performed. 
These sensing studies were carried out using dioxane, CH3CN and CH2Cl2 as solvents.  
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Figure 9. Absorption (A, C and E) and fluorescence emission (B, D and F) titrations of 
acetonitrile solution of chemosensor L4 as a function of increasing amounts of Cu(BF4)2 (A 
and B), Zn(BF4)2 (C and D) and Ag(BF4) (E and F). The insets show the absorption at 397 
and 519 nm, and the normalized fluorescence intensity at 413 nm. ([L4]= 5.00 x 10-6M, λexc = 
366 nm). 
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Figures 9 and 10 depict the absorption and emission spectra of an acetonitrile and a 
dioxane solution of L4, respectively, in the presence of increasing amounts of Cu2+ (A and B), 
Zn2+(C and D) and Ag+ (A and B). 
Upon addition of increasing amounts of Cu2+, Zn2+ and Ag+ ions to the solution of L4 
in both solvents, the most significant change is the broadening of the absorption bands 
around 280-398 nm (Figures 9B, D, F and 10B, D, F). It is clear that a new absorption band 
begins to appear at the 500-700 nm which is attributed to the ground-state interaction 
between the two pyrene chromophoric units which is induced by the 
interaction/complexation of the metal cations with the imino nitrogens in L4. 
This is further confirmed by the fluorescence spectra where it can be seen that there 
is an increase of the dimer/excimer band upon addition of metal ions (Figure 9-10B, 9-10D 
and 9-10F) (CHEF effect); indeed in the inset plot the monomer to excimer/dimer 
fluorescence intensity ratio is plotted showing that this ratio increases upon the addition of 
the metal ion. 
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Figure 10. Absorption (A, C and E) and fluorescence emission (B, D and F) 
titrations of acetonitrile solution of chemosensor L4 as a function of increasing amounts of 
Cu(BF4)2 (A and B), Zn(BF4)2 (C and D) and Ag(BF4) (E and F). The insets show the 
absorption at 397 and 519 nm, and the normalized fluorescence intensity at ca. 420 (B), 418 
(D) and 500 nm (E) ([L4]= 5.00 x 10-6 M, λexc = 373 nm). 
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The formation of a stoichiometry 1:1 metal-to-ligand after titration of L4 with Cu2+, Zn2+ and 
Ag+ metal ions in both solvents was confirmed unambiguously by the Job’s plot method.22 
The new low-energy bands (ca.121 nm red shift) were responsible for the change of 
color, which is perceptible to the naked eye, from yellow to intense orange-yellow, dark-red 
and intense red-orange after the addition of 1 equivalent of Ag+, Cu2+ and Zn2+ in dioxane. A 
different color presents chemosensor L4 in acetonitrile and dichlorometane solution and the 
color changes from red to brown with addition of Cu2+ and Zn2+ in these solvents (see Figure 
11). 
 
Dioxane
L      L + Ag+ L + Cu2+ L + Zn2+ L              L + Cu2+ L      L + Cu2+ L + Zn2+
CH3CN CH2Cl2  
Figure 11. Visual changes of color after the interaction of chemosensor L4 (6.80 x 10-4 M) 
with Ag+ (1 equiv), Cu2+ (1 equiv) and Zn2+ (1 equiv) ions in dioxane, CH3CN and CH2Cl2. 
 
The stability constants for the interaction of L4 with Ag+, Cu2+ and Zn2+ were 
calculated using HypSpec software and are summarized in Table 2.23 Taking into account the 
values obtained, the strongest interaction expected for sensor L4 is with Ag+ in all the 
solvents tested, being the highest value observed in a non-coordinative solvent as dioxane. 
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Table 2. Stability constants for chemosensor L4 in the presence of Zn2+, Cu2+ and Ag+ in 
acetonitrile, dichloromethane and dioxane for an interaction 1:1 (metal: L4). 
 
4.2. Time resolved data 
In view of the above discussion, the 410 nm band is attributed to a monomer 
emission, i.e., to an excited pyrene with no other pyrene in its vicinity; the longer emission 
wavelength should be attributed to the emission of an excimer/dimer. In order to avoid the 
contributions of the emission of monomer in the excimer region and vice-versa, we have 
collected the emission decays in the extremities of each band; 410 nm and 600 nm. 
Indeed, time resolved data gives further and relevant information regarding the 
excimer forming processes in the absence and presence of metal cation. The first important 
fact worth noting is the extraordinary quenching suffered by the decay times of these pyrene 
derivatives in comparison with other known and investigated pyrene system derivatives, i.e., 
Compoundd Interaction (M:L) in CH3CN 
 
Σ log β (Abs) 
(Abs(Abs)(Emis
sion) 
Σ log β (Emiss)  
(Emiss)(E(Emissio
n) 
L4 Zn2+ (1:1) 4.59 ± 3.58x10-3 4.69 ± 3.59x10-3 
Cu2+ (1:1) 4.70 ± 2.80x10-3 4.72 ± 1.47x10-2 
Ag+ (1:1) 8.86 ± 5.86x10-3 8.54 ± 5.87x10-3 
Interaction (M:L) in CH2Cl2 
 
Σ log β (Abs)  
(Abs)(Emission) 
Σ log β (Emiss)  
(Emiss)(E(Emissio
n) 
Zn2+ (1:1) 6.50± 8.19x10-4 6.88± 1.48x10-2 
Cu2+ (1:1) - 6.81± 1.90x10-2 
Ag+ (1:1) 7.89± 9.98x10-4 7.99± 1.70x10-2 
Interaction (M:L) in dioxane 
 
Σ log β (Abs)  
(Abs)(Emission) 
Σ log β (Emiss)  
(Emiss)(E(Emissio
n) 
Zn2+ (1:1) 3.99 ± 1.81x10-3 4.08 ± 8.01x10-3 
Cu2+ (1:1) 3.67 ± 2.59x10-3 3.10 ± 3.13x10-2 
Ag+ (1:1) 10.69 ± 1.68x10-3 10.82 ± 1.50x10-2 
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from ns to ps. 24  This shows that the imine groups are strong quenchers of pyrene 
fluorescence. 
 
Figure 12. Fluorescence decays of L4 in dioxane (T=293 K), at λexc = 282 nm in the absence 
(A) and presence (B) of Ag+ (ratio [Ag+] / [L4] = 1:1). The instrument profile curve, decay 
times (ti), pre-exponential factors (Ai,j), chi-squared values (c2), weighted residuals, auto-
correlations functions (A.C.) are shown as insets. 
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Figure 12 depicts the emission decays in dioxane in the absence (A) and presence (B) 
of Ag+. The global analysis of the decays shows that these are only fitted with sums of four 
exponentials; however, the independent analysis of these decays result in essentially three 
decay components at the shorter emission wavelength (410 nm) and a fit to a tetra 
exponential decay law at 600 nm; three decay times are identical at the two emission 
wavelengths. The absence of the fourth decay time at the monomer emission results from the 
absence of excimer to monomer reversibility under these conditions (solvent and 
temperature). 
Figure 13 shows the dependence of the decay times and pre-exponential factors with 
the incremental addition of Ag+. Observation of Figure 12 shows that the decay times remain 
unchanged with the [Ag+]; the same is valid for the variation of the pre-exponential factors at 
the monomer emission (Figure 13B). 
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Figure 13. Dependence of (A) the decay times (ti) and pre-exponential factors obtained from 
the fluorescence decays collected at (B) the monomer (410 nm, A1,i) and excimer (C) (600 
nm, A2,i) emission wavelengths, with the added Ag+, for L in dioxane. 
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It is also worth noting the presence of rising components at long (excimer) emission 
wavelength. Upon incremental addition of Ag+ at lem= 600 nm, there is an increase (the 
absolute value of the negative pre-exponential factors increases) of the negative contribution 
of the pre-exponential associated to the shorter component (~40 ps), an increase of the 
(positive) pre-exponential factor associated to the longer component (1.36 ns) and a 
concomitant decrease of the contribution to the other longer (2.9 ns) component. Moreover 
still at 600 nm (in dioxane and in the absence of added metal cation) the contribution of the 
shorter component is almost negligible (in fact it is not necessary when the independent 
analysis of the decay at 600 nm is made); this component is however always present when 
Ag+ is added to L4. 
Also worth noting is that the model compound has a lifetime (major component with 
more than 70% of the total emission contribution at 390 nm) of 0.21 ps. 
With these facts in mind and also with the previous knowledge in polymer systems 
bearing pyrene pendant chromophores where the process of dimer formation has been shown 
to occur with tens of ps,25 we propose the following interpretation, which can be further 
illustrated with Scheme 2. 
The shorter decay component (~40 ps) should be attributed to the monomer decay 
that gives rise to the excimer. This is the major component at 410 nm with a pre-exponential 
factor (concentration of the species at time zero) of ~0.9; in the presence of metal cation the 
pre-exponential associated (see Figures 12 and 13B). 
This short component is kinetically linked to the ~1.4 ns component which mirrors 
the decay of the excimer. As mentioned above there is no excimer to monomer reversibility 
under these conditions which means that the contribution of this 1.4 ns component at 410 nm 
is zero (dashed arrow connecting E* and M* in Scheme 2). The other two components of the 
decays should be associated to the kinetics of dimer formation.25 The 190-240 ps decay at 
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410 nm (Figures 11 and 12) becomes associated to a rising component at 600 nm (unrelaxed 
dimer, D*un in Scheme 2), and the ~3 ns is related to the emission of the relaxed dimer (D*rel 
in Scheme 2). This mirrors the quick rearrangement of the pyrene groups in the 
(instantaneously formed) dimer to a more stable (dimer) conformation and can be further 
illustrated in Scheme 2. 
 
 
Scheme 2. Kinetic scheme for L in the absence of added metal cation. 
 
One final and interesting remark is linked to the increase of the negative pre-
exponential factors (absolute value) associated to the two shorter components upon the 
incremental addition of Ag+. In principle, the complexation of the ligand L4 with Ag+ would 
lead to more ground-state dimer and therefore to an increment of the static contribution to 
excimer/dimer formation. In practical terms this would be mirrored by an increase of the 
positive pre-exponential associated to these two shorter components. However, the opposite 
situation is seen in this case. This strongly suggests that the complexation of Ag+ with L4 
leads to an effective proximity (close to the ~3Å associated to the maximum overlap between 
the two pyrene chromophores) that facilitates this interaction for excimer/dimer formation, in 
opposition to the situation observed with water addition (see Figure 7). The nature of the 
chain linking the two chromophores enables enough flexibility in order to complex the Ag+ 
ion and to the formation of the excimer and dimer. 
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Chapter 5 
8-Hydroxyquinoline and 2,3-dihydroxybenzene dyes in 
rigid and potential helicated luminescent 
chemosensors. Complexes with group 13 metal ions 
 
1.  Abstract 
Two ligands, L5 and L6, derived from 2,3-dihydroxybenzaldehyde and 8-
hydroxyquinoline-2-carbaldehyde using 4,4´-methylene-dianiline as spacer have been used to 
study their interaction with the group 13 metals, Al3+, Ga3+ and In3+. In all cases, emissive 
dinuclear metal complexes were synthesized and characterized. The complexation reactions 
with the diiminic ligands were obtained by direct reactions between ligand and metal ions. The 
complexes have been characterized by elemental analyses, mass spectrometry, IR, UV-vis and 
fluorescence spectroscopy. The interaction towards metal ions has been explored in solution by 
absorption and fluorescence emission spectroscopy, obtaining results that support the solid-state 
helicate-type complexes. 
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2.  Introduction 
Much attention has been focused on the development of chemosensors for the selective 
and efficient detection of chemically and biologically important metal ions.1 A fluorescent 
chemosensor for metal ions consists of a molecule incorporating fluorophores linked to 
complexing units .2 There are three main classes of fluorescent molecular sensors for cation 
recognition which differ by the nature of the cation-controlled photoinduced processes: a) 
sensors based on control of photoinduced electron transfer (PET), b) those based on cation 
control of photoinduced charge transfer (PCT), and c) systems based on cation control of 
excimer formation or disappearance.2a 
Since the discovery of the double-stranded helical structure of DNA by Watson and 
Crick,3 chemists have been searching for simple linear molecules that could be able to form 
artificial double helices through noncovalent interactions, such as π-stacking, electrostatic 
interactions, hydrogen bonding, or metal coordination.4 In artificial analogues of DNA, the 
hydrogen bonding interaction between the two strands can be substituted by metal coordination. 
There are numerous reports on coordination polymers that exhibit double-helical motifs in the 
crystal.5 A special class of well-defined molecular double-stranded helical metal complexes was 
introduced in 1987 by J.-M. Lehn and was termed double-stranded helicates.6 
Of the factors integral to helicate formation, the geometric preferences of the metal and 
the group that separates and links the donor atoms of the ligand are particularly influential. 
Chirality is introduced upon wrapping of the helicating ligands around the metal centers. In the 
case of the meso-helicates7-12 (“side-by-side complexes”13 or “mesocates”14) an achiral 
supermolecule is obtained that bears two oppositely configured chiral units. Different factors 
can be responsible for the stereocontrol in the formation of the helicate-type complexes.15, 16 
Templating effects might influence the diastereoselective formation of helicates.17, 18 Chiral 
units in the ligand spacer can control the stereochemistry at the metal complex units,19 -21 or 
steric constraints enforce one of the two possible diastereomeric forms of coordination 
compounds.22, 23 
Ligands with an odd number of methylene units in the spacer possess a ”horizontal” 
mirror plane as the most influential symmetry element of the idealized C2v symmetry, which 
mirrors the two attached chiral metal-complex moieties onto each other. This symmetry 
transformation leads to an opposite configuration at the complex units, and thus the ligand is 
predisposed to form the achiral dinuclear meso-helicate.24 However, to preserve this symmetry 
in a dinuclear complex with short spacers, the ligand has to adopt an unfavourable conformation 
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for complex formation. If long spacers are present, this conformation should not be 
“unfavourable” (vide infra). 
Following our ongoing research project in fluorescent materials and emissive 
compounds and complexes,25 in the present work we have reported the synthesis of a new 
helicate-type ligand L6 derived from 4,4´-methylene-dianiline and 8-hydroxyquinoline-2-
carbaldehyde and the derived aluminium(III), gallium(III) and indium(III) complexes. For 
comparative purposes the corresponding cathecol ligand L5 was also synthesized following the 
method described previously by M. Albrecht26 and complexed with the same metal ions, Al3+, 
Ga3+ and In3+. 
3. Experimental Section 
3.1. Physical Measurements 
Elemental analyses were carried out at the REQUIMTE DQ Service (Universidade 
Nova de Lisboa), on a Thermo Finnigan-CE Flash-EA 1112- CHNS instrument. Infrared spectra 
were recorded as KBr discs using Bio-Rad FTS 175-C spectropho- tometer. Proton NMR 
spectra were recorded using a Bruker WM-400 spectrometer. 
Absorption spectra were recorded on a Shimadzu UV-2501PC or in a Perkin 
Elmerlambda 35 spectrophotometer. Fluorescence emission spectra were recorded on a Horiba–
Jobin–Yvon SPEX Fluorolog 3.22 or a Perkin Elmer LS45 spectrofluori- meters. The linearity 
of the fluorescence emission versus concentration was checked in the concentration range used 
(10–4 to 10–6 M). A correction for the absorbed light was performed when necessary. All 
spectrofluorimetric titrations were performed as follows: the stock solutions of the ligand (ca. 
1.10–3 M) were prepared by dissolving an appropriate amount of the ligand in a 50 mL 
volumetric flask and diluting to the mark with acetonitrile (ligand L5 or L6) and 
dichloromethane (ligand L6) UVA-sol. All measurements were performed at 298 K. The 
titration solutions (ca. [L] = 1.0.10-5 M) were prepared by appropriate dilution of the stock 
solutions. Titrations of the ligand were carried out by addition of microliter amounts of standard 
solutions of the ions in acetonitrile or dichloromethane. 
 
3.2. Synthesis of L5 
The synthesis of  L5 was carried out through the slow addition of 4,4´-methylene-
dianiline to an ethanolic solution of 2,3-dihydroxybenzaldehyde using the methodology 
reported previously Albrecht et al.26 
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L5: Colour: orange (63%). Anal. Calc for C27H22N2O4: C, 73.96; H, 5.06; N, 6.39. Found: 
C, 73.78; H, 5.24; N, 6.33%. IR (KBr, cm-1): 1623 ν(C=N)imine; 1583 ν(C=C). 1H NMR 
(400mHz, DMSO-d6): δ(ppm): 13.25 (s, 4H, OH); 9.18 (s, 1H, N=CH); 8.89 (s, 1H, N=CH); 
7.07-6.75 (m, 14 C-H, Ar); 4.01 (s, 2H, CH2). MS (ESI+, m/z): 439 [L5+H]+.  
 
3.3. Synthesis of  L6 
The synthesis of L6 was attempted through the slow addition of 4,4´-methylene-
dianiline  (0.11419 g, 0.57 mmol) in absolute ethanol  (20 mL) to a solution of 8-
hydroxyquinoline-2-carbaldehyde (0.1766 g, 1.02 mmol) in the same solvent (30 mL). The 
resulting solution was gently refluxed with magnetic stirring for ca. 4 h. The colour changed 
from yellow to orange. The solution was then allowed to cool and an orange solid appeared. The 
solid was filtered off, washed with diethyl ether and methanol and dried under vacuum. 
L6.Colour: yellow (53%). Anal. Calc. for C33H26N4O3: C, 75.27; H, 4.97; N, 10.63. 
Found: C, 75.95; H, 4.92; N, 10.64%. IR (KBr, cm-1): 1627 ν(C=N)imine; 1560 ν(C=C). 1H NMR 
(400 mHz DMSO-d6) δ(ppm): 9.97 (s, 2H, N=CH); 8,78 (s, 2H, OH); 8.41-7.14 (m, 18 C-H, 
Ar); 4.04 (s, 2H, CH2). MS (ESI+, m/z): 531 [Na+L6]. 
 
3.4. Synthesis of metal complex of L5 and  L6 
Ligands L5 or L6 (3 equiv), NaHCO3 (2 equiv), and the corresponding salt (Al3+, Ga3+ 
and In3+) were dissolved in ethanol under argon. The resulting mixture was gently heated and 
magnetically stirred for 4 h. The solution was then concentrated in a rotary evaporator to ca. 5 
mL. A small volume of diethyl ether (ca. 3 mL) was slowly infused into the solution producing 
powdery precipitates. The products were separated by centrifugation and dried under vacuum. 
Na6[Al2(L5)3]: Colour: yellow (55%). Anal. Calc. for C81H66Al2N6Na6O12: C, 64.54; H, 
4.41; N, 5.58. Found: C, 64.74; H, 4.15; N, 4.94%. IR (KBr, cm-1): 1635 ν(C=N)imine; 1596 
ν(C=C)ar. MS (ESI-, m/z): 461 [AlL5-4H]-, 923 [Al2(L5)2-7H]-, 945 [Al2(L5)2Na-8H]-, 1405 
[Al2(L5)3Na2-9H]-, 1427 [Al2(L5)3Na3-10H]-. 
Na6[Ga2(L5)3]: Colour: green (53%). Anal. Calcd for C81H66Ga2N6Na6O12: C, 61.08; H, 
4.18; N, 5.28. Found: C, 61.66; H, 3.34; N, 5.55%. IR (KBr, cm-1): 1633 ν(C=N)imine, 1595 
ν(C=C)ar. MS (ESI-, m/z): 437 [L5-1H]+, 459 [L5Na-2H]+, 503 [Ga(L5)-4H]+, 1009 [Ga2(L5)2-
5H]+, 1031 [Ga2(L5)2Na-6H]+. 
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Na6[In2(L5)3]: Colour: brown (43%). Anal. Calc. for C81H66In2N6Na6O12: C, 57.81; H, 
3.95; N, 4.99. Found: C, 41.80; H, 3.15; N, 3.26%.  IR (KBr, cm-1): 1632 ν(C=N)imine; 1592 
ν(C=C)ar. MS (ESI-, m/z): 549 [In(L5)-4H]+, 1121 [In2(L5)2Na-8H]+. 
[Al2(L6)3: Colour: yellow (33%). Anal. Calc. for C99H88Al2N12O14: C, 68.98; H, 5.15; N, 
9.75. Found: C, 68.69; H, 4.15; N, 8.89%. IR (KBr, cm-1): 1612 ν(C=N)imine; 1567, 1460 
ν(C=C)ar and ν(C=N)py. MS (ESI-, m/z): 1039 [Al(L6)2-4H]+.  
[Ga2(L6)3: Colour: green (44%). Anal. Calc. for C98H82Ga2N12O11: C, 67.74; H, 4.71; N, 
9.58. Found: C, 67.24; H, 4.21; N, 8.84%. IR (KBr, cm-1): 1615 ν(C=N)imine, 1563; 1455 
ν(C=C)ar and ν(C=N)py. MS (ESI-, m/z): 1081 [Ga(L6)2-4H]+.  
[In2(L6)3]: Colour: brown (55%). Anal. Calc. for C99H82In2N12O11: C, 64.43; H, 4.48; N, 
9.11. Found: C, 64.11; H, 4.26; N, 9.09%. IR (KBr, cm-1): 1623 [ν(C=N)imine]; 1594, 1447 
ν(C=C)ar and ν(C=N)py. MS (ESI-, m/z): 1127 [In(L6)2-4H]+.  
 
4. Results and discussion 
Compounds L5 and L6 were synthesized following a one-pot reaction, by direct 
condensation of 4,4´-methylene-dianiline and the commercial carbonyl precursors 2,3-
dihydroxybenzaldehyde and 8-hydroxyquinoline-2-carbaldehyde, respectively . The reactions 
were performed by a conventional method, heating an ethanolic solution during 4 h. Both 
compounds were isolated as air-stable yellow solids, with ca. 63 and 53% yields, respectively 
The reaction pathways are shown in Scheme 1. 
 
 
 
 
 
 
 
Scheme 1. Schematic synthetic route for ligands L5 and L6 in absolute ethanol. 
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The elemental analysis of the Schiff-bases L5 and L6 isolated as a dry orange and 
yellow powders, respectively, confirmed the purity of our sample. The infrared spectrum (in 
KBr) in both cases shows bands at 1623 and 1627 cm-1, respectively, corresponding to the imine 
bond ν(C=N)imine and no peaks attributable to unreacted amine or carbonyl groups were present. 
The ESI-MS spectra of both sensors show parent peaks at 439.1 and 531.2 m/z, corresponding 
to the protonated imine forms of the ligands [L5+H]+ and  [Na+L6+H]+, respectively. The 1H-
NMR spectra of compounds L5 and L6 were recorded using DMSO-d6 as solvent. As it could be 
expected for a Schiff-base, the 1H-NMR spectra show peaks corresponding to the imine protons 
ca. 9-8 ppm. 
The presence of six potential donor atoms (N2O4) in the ligand structure of L5 and 
(N4O2) in the ligand structure of  L6, gives strong recognition ability towards metal ions. For the 
preparation of the complexes Na6[(L5)3M2], the ligand L5-H4 (3 equiv.), [MO(acac)2] (2 equiv.) 
(M= Al3+, Ga3+ and In3+) and NaHCO3 (2 equiv.) were mixed in ethanol. For the preparation of 
the complexes [(L2)3M2], the ligand L5-H2 (3 equiv.), [MO(acac)2] (2 equiv.) (M= Al3+, Ga3+ 
and In3+) and NaHCO3 (2 equiv.) were mixed in the same solvent. After 4h the resulting 
solutions were concentrated in a rotary evaporator and diethyl ether were slowly infused into the 
solution producing powdery precipitates that were separated by centrifugation and dried under 
vacuum . 
The complexes were characterized by elemental analysis, IR, and ESI MS spectra. 
Electro-spray Ionization Mass Spectrometry (ESI-MS) in negative ion mode of the metal 
complexes displays peaks that confirm the formation of the metal complexes. The IR spectra of 
the complexes were recorded as KBr discs. In the case of metal complexes derived from ligand 
L5, the band due to the imine bond [ν(C=N)imine] and the [ν(C=C)ar] stretching modes of 
aromatic rings are shifted to higher wavenumbers when compared to its position in the spectrum 
of the free ligand. In the case of metal complexes derived from ligand L6, the band due to the 
imine bond [ν(C=N)imine] is shifted to lower wavenumbers and the [ν(C=C)ar and ν(C=N)py] 
stretching modes are shifted to higher wavenumbers when compared to its position in the 
spectrum of the free ligand. Both effects suggest that in solid state the Niminic atom could be 
involved in the coordination to the metal ion, and in the case of metal complexes derived from 
ligand L6 the Npy are involving in the coordination in solid state.27 
4.1. Spectrocopy Studies 
After addition of tetrabutylammonium hydroxide, the spectrophotometric 
characterization of receptors L5 and L6 are reported in figure 1. The absorption, emission and 
excitation spectra of this deprotonated species were studied in CH3CN at 298 K. The absorption 
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spectrum of ligand L5 shows two bands with the maxima centered at 325 and 425 nm, 
coincident with the excitation spectrum. In the case of ligand L6 this bands appeared at 270, 340 
and 470 nm. Only after deprotonation, a very low emission was observed; the luminescence of 
ligands L5 and L6 appears centered at 542 nm and 710 nm, respectively. 
 
 
 
 
 
 
 
 
 
Figure 1. Absorption (full line), emission (broken line) and excitation (dotted line) spectra of 
compound L5 after the addition of 5 equivalents of (Bu4N)OH (λexc = 425 nm; λem = 542 nm, 
[L5] = 1.07.10-5 M) in CH3CN at room temperature (A). Spectra of compound L6 after the 
addition of 20 equivalents of (Bu4N)OH (λexc = 470 nm; λem = 710 nm, [L6] = 1.14.10-5 M) in 
CH2Cl2 at room temperature (B). 
 
Titration of chemosensors L5 with tetrabutylammonium hydroxide in CH3CN solution 
at 298 K (figure 2), can be followed by the formation of a new band centered at ca. 425 nm 
assigned to a charge transfer (CT) process and a decrease in the band assigned to the π-π* 
transition of the chromophores centered at 325 nm. In the case of chemosensor L6 this new band 
appeared at ca. 470 nm and a decrease in the bands centered at 270 and 340 nm was observed.  
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Figure 2. Spectrophometric (A) and spectrofluorimetric (B) titrations of ligand L5 (yellow line) 
in CH3CN as a function of added (Bu4N)OH (orange line). The insets show the absorption at 
320 and 425 nm; and the normalized fluorescence intensity at 542 nm ([L5] = 1.07*10-5 M; λexc 
= 425 nm). Spectrophometric titration (C) of ligand L6 (yellow line) in CH3CN as a function of 
added (Bu4N)OH (orange line). The insets show the absorption at 270 and 470 nm ([L6] = 
1.14.10-5 M). 
 
The weak luminescence of compounds L5 and L6 could be attributed to the competition 
between the intramolecular photoinduced proton transfer (PPT) from the hydroxyl groups 
present in both compounds, and the photo-induced electron transfer (PET) from the imines.28 
After addition of tetrabutylammonium hydroxide, the deprotonation effect prevents the PPT 
process, resulting in an short enhancement of the fluorescence signal. 
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The sensing behavior of  L5 and L6 toward Al3+, Ga3+ and In3+ has been studied by Uv-
vis spectroscopy in CH3CN and CH2Cl2 as the solvent for compounds L5  and L6, respectively. 
As it can be seen in figures 3A, 4A and 4B, addition of increasing amounts of anhydrous 
aluminium, gallium and indium nitrates to an acetonitrile solution of the deprotonated ligand L5 
(1.07.10-5 M), at 298 K, led to an increase in the absorption bands centered at 320 nm, and an 
decrease in the bands centered at 425 nm. Addition of increasing amounts of the same metal 
ions to a dichloromethane solution of the deprotonated ligand L6 (1.14.10-5 M), at 298 K, led to 
an increase in the absorption bands centered at 270 nm, and an decrease in the bands centered at 
470 nm (figures 4C and 4D).  
Simultaneously, upon addition of increasing amounts of anhydrous aluminium, gallium 
and indium nitrates to the deprotonated ligands L5 (1.07.10-5 M) and L6 (1.14.10-5 M), at 298 K, 
respectively, the emission disappears (figure 3B). This quenching can be attributed to the 
coordination effect towards the hydroxyl groups. 
 
 
 
 
 
 
 
 
Figure 3. Spectrophometric (A) and spectrofluorimetric (B) titrations of ligand L5 (yellow line) 
in CH3CN as a function of added Al3+, after the addition of 5 equivalents of (Bu4N)OH (orange 
line). The insets show the absorption at 320 and 425 nm; and the normalized fluorescence 
intensity at 542 nm ([L5] =  1.07.10-5 M). 
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Figure 4. Spectrophometric titrations of ligand L5 and L6 (yellow lines) in CH3CN as a function 
of added Ga3+ (A, C) and In3+ (B, D), after the addition of 5 equivalents of (Bu4N)OH (orange 
lines). The insets show the absorption at 320 and 425 nm ([L5] = 1.07.10-5 M) and the 
absorption at 270 and 470 nm ([L6] = 1.14.10-5 M). 
The stability constants for the interaction of ligands L5 and L6 with OH-, Al3+, Ga3+ and 
In3+ followed by absorption and fluorescence titrations were calculated using HypSpec software 
and are summarized in table 1. Taking into account these values, the sequence of the strongest 
interaction expected for compound L5, in decreasing order is Al3+ > Ga3+ > In3+; and the 
decreasing order for system L6 is Al3+ > In3+ > Ga3+.  
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Table 1. Stability constants for compounds L5 and L6 in the presence of OH-, Al3+, Ga3+ and In3+ 
in acetonitrile. 
 
In conclusion, chemosensor L5 and the new ligand L6 containing two 8-HQ units have 
been synthesized and fully characterised. The deprotonation behaviour and sensing capability of 
these ligands toward trivalent Al3+, Ga3+ and In3+ metal ions have been studied by UV–vis and 
fluorescent emission spectroscopy. The fluorescence of chemosensors L5 and L6 is weak but an 
Enhancement of the Fluorescence (EF) effect was observed in both cases after addition of 
tetrabutylammonium hydroxide. Titration of ligands L5 and L6 with trivalent Al3+, Ga3+ and In3+ 
metal ions led to a decrease in the fluorescence emission. This effect in solution is due to the 
coordination of the oxygen atoms and the uncoordinated nitrogen donor atoms present in the 
ligands, activating the quenching through the PET phenomena. All of these results supports our 
hypothesis of the formation of helicate-type structures. 
 
 
 
 
Ligand  Interaction Σ log β (Absorption) Σ log β (Emission) 
L5 OH- (1:1) - 3.91 ± 2.41.10-2 
OH- (1:2) 7.88 ± 1.28.10-2 - 
OH- (1:3) 12.29 ± 1.56.10-2 - 
OH- (1:4) 16.65 ± 1.76.10-2 - 
L5 Al3+ (1:1) - 4.23 ± 4.31.10-3 
Al3+ (1:2) 6.98 ± 6.93.10-2 7.09 ± 5.08.10-3 
L5 Ga3+ (1:1) - - 
Ga3+ (1:2) 6.36 ± 4.93.10-2 - 
L5 In3+ (1:1) - - 
In3+ (1:2) 5.56 ± 3.36.10-2 - 
L6 OH- (1:1) 4.56 ± 4.68.10-3 - 
OH- (1:2) 8.38 ± 4.53.10-3 - 
L6 Al3+ (1:1) 4.96 ± 1.41.10-3 - 
Al3+ (1:2) 9.55 ± 1.44.10-3  
L6 Ga3+ (1:1) 3.57 ± 6.98.10-3 - 
Ga3+ (1:2) 6.79 ± 7.04.10-3 - 
L6 In3+ (1:1) 4.06 ± 8.64.10-3 - 
In3+ (1:2) 7.28 ± 8.47.10-3 - 
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Chapter 6 
Fluorescein as dye-stabilizer in new-coated Ag and Au 
nanoparticles: Towards new bio-sensors for soft metal 
ions. Toxicological and Biochemical studies. 
 
1. Abstract 
 
Two new chemosensors L7 and L8 derived of the chromophore fluorescein and bearing 
two thiol moieties were synthesized and characterized by elemental analysis, 1H, 13C NMR, IR 
spectroscopy (KBr discs), MALDI-TOF-MS spectrometry, UV-Vis and fluorescence emission 
spectroscopy. 
In order to obtain new nanomaterials based on the reported systems, very small gold 
(AuNPs) and silver (AgNPs) nanoparticles using compounds L7 and L8 as stabilizers were 
obtained by using reductive methods in organic and in aqueous media. All AuNPs and AgNPs 
were characterized by UV-vis, light scattering, and transmission electron microscopy (TEM). 
Interesting results were obtained with the new stable AuNPs@L8 behaved as 
supramolecular chemosensors, which have been selective for the heavy element Hg2+, with a 
concomitant color change from pink to blue. The formation of AuNPs chains were also 
observed in the presence of this metal ion. Similar results and a color change from yellow to 
orange was observed for AgNPs@L8 in aqueous phase with the presence of this heavy metal 
ion. 
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Both in organic and in aqueous phase, AuNPs stabilized with chemosensors L7 and L8 
were not emissive because the luminescence of the fluorescein was totally quenched by the gold 
metal core. A fluorescence enhancement took place when chemosensors L7 and L8 containing a 
fluorescein unit is localized near the surface of AgNPs, because of the coupling of the 
fluorophore with radiating plasmon from the metallic particles. 
 
2. Introduction 
 
The use of fluorescent metal nanoparticles (MNPs) of various size and shape as 
indicators in many biotechnological applications, such as sensors,1 catalysis,2 and bioanalytical 
processes3 has dramatically increased since the 1990s.4 These applications require that the 
fluorescent nanoparticles are monodisperse, bright, photostable, and amenable to further surface 
modification for the conjugation of biomolecules and/or fluorophores.  
Among the various MNPs, gold (Au) and silver (Ag) nanoparticles are extensively 
studied due to their interesting optoelectronic properties.5 In addition, these NPs can be used as 
optical probes as a result of their color change upon the coupling of surface plasmon resonances 
of adjacent nanoparticles. Therefore, it is well known that the physicochemical properties of the 
gold (Au) and silver (Ag) nanoparticles are highly related to their size and shape.6,7 
Surface modification of MNPs is essential for enhancing their functionality and 
versatility, hence extensive efforts have been devoted to methodological studies toward the 
synthesis of MNPs and modification of their surfaces with a variety of functional molecules.8 
Metal nanoparticles, such as Au and Ag, are known to dramatically change the optical 
properties of nearby fluorophores. The fluorescence of fluorophores might be enhanced or 
quenched due to the presence of nearby metallic nanoparticles. The strength of the enhancement 
or quenching is influenced by many factors, such as size and shape of the metal nanoparticles, 
the orientation of the fluorophore dipole moments, the distance between a fluorophore and a 
nanoparticle, the organic solvents and quantum yield of the fluorophore.9 Metal surfaces can 
increase or decrease the radiative decay rates of fluorophores and can increase the extent of 
resonance energy transfer. 
Fluorophore-metal distance optimization is critical for fluorescence enhancement. If a 
nanoparticle is placed too close to a fluorophore, the nanoparticle extracts all electrons in the 
excited state from the fluorophore; if it is too far from a fluorophore, its strong surface plasmon 
polariton field (SPPF) may not reach the fluorophore and there will be no effect on the resulting 
fluorescence intensity; when placed at an appropriate distance from a fluorophore, can 
effectively enhance the fluorescence by transferring the free electrons of the fluorophore.10 
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These colloidal MNPs are generally prepared by borohydride/citrate reduction of metal 
salts followed by ligand exchange with a suitable organic molecule/biomolecule containing a 
SH or NH2 group as a stabilizer, and in some cases NPs have also been prepared by reducing the 
metal ions in the presence of a stabilizer.2a,11 One of the disadvantages of this method is that 
there is always a chance of particle aggregation during the process of ligand exchange and 
centrifugation for the removal of the undesired product.12 Thus, it is very important to adopt the 
in situ reduction technique, which can minimize the above-mentioned problems. In this method, 
the need of an external reducing agent, such as NaBH4 or sodium citrate, can be eliminated 
because the stabilizing molecule itself acts as a reductant. Nowadays, many researchers are 
using molecules with amine functionalities as in situ reductants for the synthesis of colloidal 
MNPs; however, this requires higher temperatures.13,14 Thus the ambient-temperature in situ 
reduction technique is very important due to its compatibility with various biological systems 
and its ease of use. 
An important aspect is the stabilization of the particles to avoid coalescence between 
them. This stabilization can occur in many different ways, for instance by electrostatic 
repulsion, steric hindrance, ligand molecules or embedding in nanocapsules such as micelles. 
Some of these opportunities will be discussed as part of the synthetic routes.15 
The as-prepared particles can be easily surface exchanged by other hydrophilic ligands, 
and even change their size and morphology to become either hollow structures or luminescent 
Au and/or Ag nanoclusters by chemical treatments. 
 
3. Experimental section 
 
3.1. Physical Measurements 
Elemental analyses were carried out with Fisons Instruments EA1108 microanalyzer at 
the University of Vigo (CACTI), Spain. Infrared spectra were recorded in KBr windows using a 
JASCO FT/IR-410 spectrophotometer. 1H and 13C NMR were carried out in a Bruker Avance 
III 400 at an operating frequency of 400 MHz for 1H NMR and 100.6 MHz for 13C NMR using 
the solvent peak as an internal reference at 25ºC. 
The MALDI-MS analyses have been performed with a MALDI-TOF-TOF-MS model 
Ultraflex II (Bruker, Germany) equipped with nitrogen from the BIOSCOPE group, University 
of Vigo, FCOU-Ourense Campus. Each spectrum represents accumulations of 5 x 50 laser 
shots. The reflection mode was used. The ion source and flight tube pressure were less than 1.80 
x 10-7 and 5.60 x 10-8 Torr, respectively. The MALDI mass spectra of the soluble samples (1 or 
2 µg/µL) were recorded using the conventional sample preparation method for MALDI-MS. 
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One microliter was put on the sample holder on which the ligand had been previously spotted. 
The sample holder was inserted in the ion source. 
The nanoparticles size distributions were measurement using a dynamic light scattering 
(DLS) system, Malvern Nano ZS instrument with a 633 nm laser diode from the Faculty of 
Science at Ourense Campus, University of Vigo. To perform the transmission electron 
microscopy (TEM) images the samples were prepared dropping 1 µL of the colloidal 
suspension onto a copper grid coated with a continuous carbon film and allowing the solvent to 
evaporate. TEM images were obtained through a JEOL JEM 1010F transmission electron 
microscope (TEM) operating at 200 kV. To perform the Fourier transformations we used the 
Digital Micrograph (Gatan) software.16 
UV/Vis absorption spectra (220-900 nm) were performed using a JASCO-650 UV-
visible spectrophotometer and fluorescence spectra on a HORIBA JOVIN-IBON Spectramax 4. 
The linearity of the fluorescence emission vs. concentration was checked in the concentration 
range used (10-5-10-6 M). A correction for the absorbed light was performed when necessary. 
The spectrophotometric characterizations and titrations were performed as follows: the stock 
solutions of the compounds (ca. 10-3 M) were prepared by dissolving an appropriate amount of 
the compounds in a 10 mL volumetric flask and diluting them to the mark with ethyl acetate or 
absolute ethanol. The solutions were prepared by appropriate dilution of the stock solutions, 
which were still 10-5-10-6 M. Titrations of the ligands L7 and L8 were carried out by the addition 
of microliter amounts of standard solutions of the ions in acetonitrile and/or water. All of the 
measurements were performed at 298 K. 
Luminescence quantum yields were measured using a solution of bencene in 
cyclohexane as a standar ([Φ] = 0.05)17 for L7 and fluorescein in sodium hydroxide solution (0.1 
M) as a standard ([Φ] = 0.79)17 for L8. All values were corrected for the refraction index of the 
solvents. 
Tissue sub-samples were collected and fixed in a solution of Bouin-Hollande´s fixative 
for histological evaluation using a Leica microscope (Leica-ATC 2000, Germany), with an 
image system from Leica Microsystems (DMLB model), adapted for epifluorescence and 
equipped with EL6000 light source for mercury short-arc reflector lamps was used. I3 and N2.1 
filters were employed. 
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3.2. Synthesis of organic chemosensors 
 
 
Scheme 1. Schematic synthesis of chemosensors L7 and L8. 
 
3.2.1. Synthesis of chemosensor L7 
A solution of 3-mercaptopropionic acid (9.422 mmol, 1000 mg) in dichloromethane (50 
mL) was placed in an ice bath and thionyl chloride (10.364 mmol, 1233 mg) was added drop 
wise maintained a temperature of 0ºC. After that, the resulting solution was gently refluxed with 
magnetic stirring for ca. 2h.  
The white powder precipitated formed was washed with cold dichloromethane, filtered 
off and dried under vacuum. The compound was characterized as precursor P.  
An acetone solution (50 mL) of compound P (2.527 mmol, 315 mg) was added drop 
wise to a solution of fluorescein (free acid) (1.264 mmol, 420 mg) in the same solvent (100 
mL). The resulting solution was gently maintained with magnetic stirring for ca. 48h at room 
temperature. After that, the solution was gently refluxed with magnetic stirring for ca. 4h. The 
yellow powder precipitated formed was characterized as chemosensor L7. Compound L7 was 
purified by column chromatography. 
Compound L7 was soluble in ethyl acetate, DMSO and acetone and insoluble in 
chloroform, dichloromethane, water and ethanol. 
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L7. Colour: yellow (94%): Anal. Calc. for C26H26O10S2: C, 55.5; H, 4.6; S, 11.4. Found: C, 55.3; 
H, 4.1; S, 11.6%. IR (KBr windows) cm-1:  ν(C=C) 1590; ν(S-H) 2580. NMR spectra: δH 
(DMSO-d6, 400 MHz) ppm: 2.06 (s, 1H, SH), 2.08 (s, 1H, SH), 2.63 (t, 2H, H1), 2.71 (t, 2H, 
H1’), 2.89 (t, 2H, H2), 3.09 (t, 2H, H2’), 6.54 (s, 2H, H9 and H15), 6.67 (s, 2H, H5 and H13), 7.25 
(s, 2H, H6 and H12), 7.69-7.72 (m, 2H, H20 and H18); 7.76-7.80 (m, 1H, H19); 7.99 (d, 1H, H21); 
δC (DMSO-d6, 400 MHz) ppm: 32.94, 33.49 (C1, C2), 82.96 (C10), 102.15 (C9, C15), 109.50 
(C7, C11), 112.51 (C5, C13), 124.49 (C18), 126.08 (C22), 128.93 (C21, C20), 129.96 (C6, 
C12), 135.48 (C19), 151.76, 152.40 (C4, C14), 159.38 (C8, C16, C17), 168.60 (C23), 172.56 
(C3). MALDI-TOF/MS(m/z): 509.07 [L7+H]+.  
 
3.2.2. Synthesis of chemosensor L8 
A solution of 3-chloro-1-propanethiol (0,333 g, 3.01 mmol) in acetone (50 mL) was 
added drop wise to a solution of fluorescein (free acid) (0.5 g, 1.505 mmol) in acetone (100 
mL). The resulting solution was gently maintained with magnetic stirring for ca. 48h at room 
temperature. After that, the solution was gently refluxed with magnetic stirring for ca. 2h. The 
solvent was evaporated under reduced pressure, yielding an orange oil. The oil was washed with 
hexane, leading to an orange powder that was characterized as chemosensor L8.  
Chemosensor L8 was soluble in acetone, metanhol, etanol and DMSO and insoluble in 
choloroform, dicholoromethane, ethyl acetate and water. 
 
L8: Colour: orange powder. (95%): Anal. Calc. for C26H26O6S2: C, 62.6; H, 5.2; S, 12.8. Found: 
C, 62.1; H, 4.7; S, 13.0%. IR (KBr windows) cm-1:  ν(C=C) 1595, ν(S-H) 2560).  NMR spectra: 
δH (DMSO-d6, 400 MHz) ppm: 1.96 (t, 2H, H2), 2.06 (t, 2H, H1), 2.19 (s, 2H, SH), 2.70 (t, 2H, 
H2’), 2.82 (t, 2H, H1’), 3.73 (m, 4H, H3), 6.54 (s, 2H, H9 and H15), 6.68 (s, 2H, H5 and H13), 7.25 
(s, 2H, H6 and H12), 7.70-7.72 (m, 2H, H20 and H18); 7.76-7.80 (m, 1H, H19); 7.99 (d, 1H, H21); 
δC (DMSO-d6, 400 MHz) ppm: 26.61 (C1), 31.32 (C2), 34.40 (C3), 83.05 (C10), 102.14 (C9, 
C15), 109.49 (C7, C11), 112.51 (C5, C13), 124.49 (C18), 126.08 (C22), 128.92 (C21, C20), 
129.95 (C6, C12), 135.47 (C19), 151.76, 152.37 (C4, C14), 159.39 (C8, C16, C17), 168.59 
(C23). MALDI-TOF/MS(m/z): 481.60 [L8+H]+.  
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Scheme 2. Structure of compounds L7 and L8. 
 
3.3. Synthesis of gold and silver nanoparticles in organic solution 
3.3.1. Preparation of AuNps@TOAB  
 
AuNps@TOAB nanoparticles were prepared in toluene following the Brust two-phase 
method.18 An aqueous solution (23.5 mL) of hydrogen tetrachloroaurate (0.059 mmol, 23.5 mg) 
was mixed with a solution of tetraoctylammonium bromide (0.553 mmol, 302.2 mg) in toluene 
(100 mL). The two-phase mixture was vigorously stirred until all of the tetrachloroaurate had 
transferred into the organic phase, to give a deep orange solution. A fresh aqueous solution (1.5 
mL) of sodium borohydride (1.403 mmol, 53.1 mg) was added slowly while stirring. 
The organic phase almost immediately turned ruby red. After further stirring (2 h), the 
organic layer was extracted and washed with Millipore water (three times) and then dried over 
anhydrous sodium sulfate. The solution was then diluted to 100 mL. The TOAB-stabilized gold 
nanoparticles (TOAB-Au) were stable at 4 °C for several weeks. 
 
3.3.2. Preparation of AgNps@TOAB  
 
AgNPs@TOAB were prepared in toluene following a modification of the Brust two-
phase method.18 An aqueous solution (23.5 mL) of silver nitrate (0.331 mmol, 56.3 mg) was 
mixed with a solution of tetraoctylammonium bromide (0.653 mmol, 357 mg) in toluene (25 
mL). The two-phase mixture was vigorously stirred until all of the silver nitrate had transferred 
into the organic phase, to give a cloudy white solution. A fresh aqueous solution (1.5 mL) of 
sodium borohydride (1.403 mmol, 53.1 mg) was added slowly while stirring. 
After 1 minute of ultrasonic radiation and further stirring (2 h), the organic layer was 
extracted and washed with Millipore water (three times) and then dried over anhydrous sodium 
sulfate. The solution was then diluted to 100 mL. The TOAB-stabilized gold nanoparticles 
(TOAB-Au) were stable at 4 °C for several weeks. 
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3.4. Synthesis of gold and silver nanoparticles in aqueous solution 
3.4.1. Preparation of AuNps@citrate  
 
Citrate@Au nanoparticles were prepared in aqueous solution following the Turkevich 
method.19 An aqueous solution (125 mL) of hydrogen tetrachloroaurate (0.125 mmol, 49.5 mg) 
was added rapidly to a solution of 1% (P/V) sodium citrate (12.5 mL) that was heated under 
reflux. Heating under reflux was continued for an additional 5 min, during which time the color 
changed to deep red. 
 
3.4.2. Preparation of AuNps@L8  in aqueous solution 
 
An ethanolic solution (10 mL) of chemosensor L8 (0.096 mmol, 4.8 mg) was added to 
50 mL of AuNPs@citrate and stirred for 24 h. After that, the resulting mixture was collected by 
centrifugation three times at 9000 rpm for 30 min and the supernatant was carefully removed 
up. The pellet containing the AuNps@ L8 were re-suspended in 20 mL of milli-Q water. 
 
3.4.3. Preparation of AgNps@citrate  
 
An aqueous solution (50 mL) of silver nitrate (0.941 mmol, 160 mg) was added rapidly 
to a solution of 2% (W/V) sodium citrate (5 mL) that was heated under reflux. Heating under 
reflux was continued for an additional 5 min, during which time the color changed to yellow. 
The reaction was stopped after cooling with an ice bath.  
 
3.4.4. Preparation of AgNps@PVP  
 
An aqueous solution (20 mL) of silver nitrate (0.008 mmol, 1,37 mg) was mixed with a 
solution of 0.3% (P/V) PVP (polyvinylpyrrolidone)  (90 mg) in milli-Q water (5 mL). The 
mixture was vigorously stirred and a fresh aqueous solution (10 mL) of sodium borohydride 
(0.050 mmol, 1.891 mg) was added quickly while stirring, during which time the color changed 
to yellow. 
After that, the resulting mixture was collected by centrifugation three times at 9000 rpm 
for 30 min and the supernatant was carefully removed up to eliminate the NaBH4 and PVP in 
excess. The pellet containing the AgNps@PVP was re-suspended in 30 mL of milli-Q water. 
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3.4.5. Preparation of AgNps@citrate with different size and shape 
 
The synthesis was performed following the method published previously by A. J. 
Frank.20 To four 20 mL borosilicate vials (VWR), the following solutions were added in this 
order: 2.0 mL of 1.25.10-2 M sodium citrate, 5.0 mL of 3.75.10-4 M silver nitrate, and 5.0 mL of 
5.0.10-2 M hydrogen peroxide. Then, to each vial a different volume of 1.0.10-3 M potassium 
bromide was added as follows: 40 µL, 25 µL, 20 µL, 0 µL. For the silver reduction step, 2.5 mL 
of freshly prepared 5.0.10-3 M sodium borohydride was added. Once all reagents were 
combined, the caps were placed on the vials and they were carefully swirled to fully mix the 
reactants. Almost immediately, the progression of the reaction becomes evident through the 
visual changes consistent with the growth of silver nanoparticles. Typically, the sequence of 
color changes from yellow to orange, to violet and to blue for the largest nanoparticles. Was 
takes approximately 3 min to reach a stable colour. 
 
3.4.6. Nanotoxicology of AgNPs functionalized with fluoresceine as new imaging systems 
 
Stock suspensions of diverse fluorescein functionalized metal NPs (AgNps@L7 
(toluene); (b) AgNps@L8 (triangular Nps in water); (c) AgNps@L8 (spherical Nps in water); 
(d) AuNps@L8 (in water) were prepared after being diluted using corn oil as co-adjuvant (1:1) 
with exception of AgNps@L7 (toluene) diluted at 1:10 in corn-oil.  
After a two-week acclimation period fish were injected with suspensions of the different 
metal NPs in the fish intra-peritoneal cavity. Control fish were also injected but with corn oil 
plus phosphate buffer saline solution (1:1).  
After 48 hour fish were sacrificed by decapitation and dissected and the livers and 
intestines were removed. Tissue sub-samples were collected and fixed in a solution of Bouin-
Hollande´s fixative for histological evaluation using the microscope adapted for 
epifluorescence.  
Additional sub-samples were taken and stored at -80ºC for further enzymatic analysis. 
Stress oxidative response was assessed by measuring enzymes activities: Glutathione-S-
transpherase (GST), superoxide dismutase (SOD) and catalase (CAT). Additionally, lipid 
peroxidation was performed to evaluate cellular damage. 
For enzyme determination, tissues were homogenized in Phosphate Buffer Saline buffer 
solution (PBS, pH 7.3) and supernatant obtained after centrifugation (20 min at 14 000×g at 
4ºC). Total Glutathione-S-Transferase (GST) activity was determined according to the 
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procedure described by Habig et al. (1974),21 catalase activity was determined according to 
Aebi (1985) and SOD determined using an adapted protocol from Sun et al (1988). 22 
Lipid peroxidase activity was carried out by the TBARS Assay (thiobarbituric acid 
reactive substances assay) (Uchiyama and Mihara 1978)23 determined by the quantification of a 
specific end product of the oxidative degradation process of lipids, the malondialdehyde 
(MDA).  
Commonly organisms have a powerful set of antioxidant enzymes, including 
superoxide dismutase (SOD), which converts O2- in H2O2, catalase (CAT) that remove H2O2 
avoiding its accumulation in cells and tissues and glutathione-S-transferase GST that transform 
xenobiotics into other conjugates. The increase in MDA concentrations is indicative of the 
enhancement of ROS action in organism’s lipids (“peroxidation”), a process considered as one 
of the most frequent cellular injury mechanisms. 
In another set of experiments fish blood was taken from a healthy fish and erythrocytes 
were separated from leukocytes as described by Clynes et al. (1980).24 Viable cells were 
counted as described by the same authors using a hemocytometer (Neubauer chamber, Weber, 
England). The aim of this in vitro experiment was assess the uptake of suspensions of metal 
NPs functionalized with fluorescein. The obtained leukocytes were incubated with the 
fluorescent NPs and examined by microscopy (same model already described) after 0, 10, 20 
and 30 minutes.  
 
4. Results and discussion 
 
Compounds L7 and L8 were synthesized by reaction of fluorescein (free acid) as 
precursor with 3-mercaptopropionic acid and thionyl 3-chloro-1-propanethiol, yielding 94% of 
an yellow powder (L7) and 95% of an orange powder (L8) (Scheme 1), respectively. 
Both ligands were characterized by elemental analysis, 1H and 13C NMR, infrared in 
KBr discs, UV-vis and emission spectroscopy, MALDI-TOF-MS spectrometry and 
fluorescence quantum yields, and lifetime measurements. The MALDI-TOF-MS spectra of L7 
and L8 show peaks of the monomeric species [L7H]+ (509.07 m/z) and [L8H]+ (480.14 m/z).  
The IR spectra of compounds L7 and L8 show bands at 2580 cm-1 and 2560 cm-1  
corresponding to the frequency ν(S-H) of the thiol groups, and in the both cases is not observed 
the signal assigned to the hydroxyl groups. 
The 1H NMR spectra of ligands L7 and L8 present all the characteristic signals of the 
fluorescein backbone and at ca. 2.06-2.08 and 2.19, respectively, appears the signals of the SH 
groups. 
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The photophysical characterization of compounds L7 and L8 was performed in ethyl 
acetate and ethanol at 298 K, respectively. In the emission spectra, the bands assigned to the 
fluorescein emission appear at ca. 400 nm. 
Luminescence quantum yields were measured using a solution of bencene in 
cyclohexane as a standar ([Φ] = 0.05)17 for L7 and fluorescein in sodium hidroxide solution (0.1 
M) as a standard ([Φ] = 0.79) for L8.17  The values obtained were of 0.2162 for L7 and 0.6989 
for L8.  
 
 
  
 
Figure 1. Room temperature absorption (bold line), normalized emission (full line, λexcL7 =275 
nm; λexcL8 = 450 nm), and excitation spectra (dotted line, λemL7 = 400 nm; λemL8 = 550 nm) of 
compound L7 in ethyl acetate (left) and L8 in ethanol (rigth). 
 
 
4.1. Synthesis of Au and Ag nanoparticles in organic phase 
The formation of AuNPs was indicated by the appearance of dark red colour and of the 
gold plasmonic band at 520 nm (figure 2a); In the case of the AgNPs by the appearance of a 
yellow colour and a surface Plasmon resonance at 415 nm (figure 3a). 
It is important to note that by TEM, both samples show very small sizes. The average 
size observed was around 10 nm for AuNps@TOAB and 5 nm for AgNps@TOAB. The shape 
of the particles is almost spherical and shows no faceted surfaces. It is very remarkable that in 
both samples, despite the small size, the particles are separated from one another and no 
significant aggregation is observed. All of this is true, even though the time has not induced 
overgrowth of the particles and the particles look very stable. 
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Several strategies to prepare functionalized monolayer protected nanoparticles have 
been developed. These include direct synthesis using functionalized thiols, and in this case we 
carried out ligand exchange reactions.25 TOAB molecules located on the AuNPs and AgNPs 
were partially displaced by chemosensor L7 containing fluorescein-thiols units through ligand 
exchange. 
Several studies of absorption and emission spectroscopy were performed, with the aim 
to confirm the anchoring of compound L7 to the metal AuNPs and AgNPs surface in organic 
phase (toluene). 
As we can observe, these AuNPs@L7 were not emissive because the luminescence of 
the fluorescein was totally quenched by the gold metal core (figure 2b). This quenching occurs 
when the emission spectrum overlaps with the gold surface plasmon band.26 Both radioactive 
and non-radioactive rates are particle dependent, with higher efficiencies of quenching 
occurring with small nanoparticles.27 
For comparative purposes, the effect of this chromophore in the plasmon surface of 
AgNPs was evaluated in the organic media (figure 3b and figure 4). In that case, a surface-
enhanced fluorescence on metal nanostructures (SEF) were observed,28 where fluorescence 
enhancement occurs when chemosensor L7 containing a fluorescein unit is localized near the 
surface of metallic nanoparticles.29 In that case, SEF is believed to happen through the coupling 
of the fluorophore with radiating plasmon from the metallic particles.30  
 
  
Figure 2. Spectrophotometric titration of AuNPs@TOAB with compound L7 in toluene. ([L7] 
= 3.00.10-3 M, room temperature, λexc = 520 nm).  The insets show the absorption at 520 nm. 
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AgNPs@TOAB L7 AgNPs@L7
 
  
Figure 3. Spectrophotometric titration of AgNPs@TOAB with compound L7 in toluene. ([L7] = 
3.00.10-3 M, room temperature, λexc = 420 nm).  The insets show the absorption at 520 nm (left), 
and the normalized fluorescence intensity at 532 nm (right). 
 
 
 
 
 
 
 
Figure 4. TEM image of AgNPs@L7 (left). Visual changes in the fluorescence emission of an 
organic solution of AgNPs in toluene after the ligand exchange of L7 from TOAB (right). 
 
4.1.1. Detection of heavy metal ions with AgNPs@L7 in organic solution 
  In order to explore the potential application of this functionalized small stable 
AgNPs@L7 as chemosensor for toxic, heavy, and soft metal ions31 (Zn2+, Cd2+, Hg2+) (Figure 
5A-F) several metal titrations were performed following the modifications in the surface 
plasmonic resonance band (SPRB). 
The spectrophotometric titrations with Zn2+, Cd2+ and Hg2+ for AgNPs with compound 
L7 are presented in figure 5a-e. The inset of figures 5a,c,e represent the absorption as a function 
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of the volume of M = Zn2+, Cd2+ and Hg2+ ([M = 1.10-3M]) necessary to stabilize the system. An 
inspection shows that for the AgNPs@L7, lower quantity of the solution of Hg2+ are necessary 
and we can conclude that the AgNPs@L7 is more sensitive to this metal ion. However, only in 
this case, a fluorescence enhancement was observed in toluene. 
 
 
 
 
  
  
Figure 5. Spectrophotometric titration of AgNPs@TOAB with compound L7 with the addition 
of Zn2+ (A and B) and Cd2+ (C and D) ([L7] =3.00.10-4, [Zn2+] = [Cd2+] = 1.00.10-3 M, room 
temperature,  λexc = 420 nm). The insets show the absorption at 520 nm (A), and the normalized 
fluorescence intensity at 535 (B) and 536 nm (D). 
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4.1.2. Detection of small organic molecules 
With the aim of explore the environmental application of AgNPs@L7 as chemosensor 
for organic solutions containing toxic gases (diethyl chlorophosphate and  triethyl phosphate) 
(Figure 6A-D), several titrations were performed following the modifications in the surface 
plasmonic resonance band (SPRB). 
 
 
Similar results were obtained after titration with diethyl chlorophosphate and triethyl 
phosphate for AgNPs with compound L7 and the results are showed in figure 6a-d. The 
interaction of these toxic small organic molecules with AgNPs@L7 in organic phase is reflected 
by the increase in the intensity of the surface plasmonic resonance band (SPRB) centered at ca. 
415 nm. However, only in this case, a fluorescence enhancement was observed in toluene. 
  
 
Figure 6. Spectrophotometric titration of AgNPs@TOAB with compound L7 with the addition 
of Hg2+ ion (E and F) in water (([L7] =3.00.10-3, [Hg2+] = 1.00.10-3 M, room temperature, λexc = 
420 nm). The inset shows the absorption at 407 nm (E). 
 
!!
Chapter 6 !! !
182!
 
  
 
Figure 7. Spectrophotometric titration of AgNPs@TOAB with compound L7 with the addition 
of diethyl chlorophosphate (A and B) solution in water ([L7] = 3.00.10-3, [diethyl 
chlorophosphate] = 1.00.10-3 room temperature λexc = 420 nm).  The insets show the absorption 
at 416 nm and 519 nm (A), and the normalized fluorescence intensity at 536 nm (B). 
 
  
 
Figure 8. Spectrophotometric titration of AgNPs@TOAB with compound L7 with the addition 
of triethylphosphate (C and D) solution in water ([L7] = 3.00.10-3, [triethyl phosphate] = 
1.00.10-3 M, room temperature, λexc = 420 nm). The insets show the normalized fluorescence 
intensity at 536 nm (D). 
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As it could be observed, only the interaction between diethyl chlorophosphate and the 
fluorescein located in the surface of the silver nanoparticles produces a decrease in the 
absorption band of the chromophore. It would be explain because of the nucleophilic attack of 
the gas molecules of the toxic gas by the oxygen atoms of L7, with the resulting output of one 
chlorine atom. 
Figure 9 shows a schematic presentation of the potential interaction between diethyl 
chlorophosphate and AgNPs@L7. 
 
 
 
Figure 9. Schematic presentation of the potential interaction between diethyl chlorophosphate 
and AgNPs@L7.  
 
 
4.2. Synthesis and characterization of Au Nps in aqueous solution 
In order to obtain AuNps and AgNPs for in vivo applications, new synthesis of these 
metal nanoparticles were carried out in aqueous solution.  
AuNps@citrate were prepared in aqueous solution following the Turkevich method.19 
The formation of the nanoparticles can be observed because of the appearance of the gold 
plasmonic resonance band (PRB) at 520 nm. 
AuNps@L8 were obtained by exchanging of the citrate molecules located in the 
nanoparticles surface for chemosensor L8. 
  
4.2.1. Sensing metal ions with Au Nps in aqueous solution 
In order to explore the potential application of these functionalized small stable 
AuNPs@L8 as chemosensors for metal ions in aqueous solution several titrations were 
performed following the modifications in the plasmonic resonance band that appears at ca. 520 
nm. Figure 10 shows the variations with time in the absorption spectra of AuNPs@citrate with 
compound L8 with the addition of Hg2+ in milli-Q water.  
In that case, a simple colorimetric technique for the sensing of this metal ion in aqueous 
solution utilizing fluorescein-functionalized AuNPs was carried out and a color change (red to 
blue) is driven by the presence of this heavy-metal ion. As it is also shown in figure 11, the 
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interaction of this AuNps@L8 with Hg2+ leads to the modification of the AuNps structure and 
the formation of chains between them. 
A quenching in the emission intensity by the gold metal core takes place, because the 
emission spectrum overlaps with the gold surface plasmon band. These results are the same as 
those shown above for AuNps@L7 in organic phase (toluene). 
 
 
 
 
 
Figure 11. Naked-eye detection of Hg2+ by AuNPs@L8 in aqueous phase (left). TEM images of 
AgNPs@L8 (left) in the absence and in the presence of Hg2+ in aqueous phase (right). 
 
 
Figure 10. Variations with time in the absorption spectra of AuNPs@citrate with compound L8 
with the addition of Hg2+ in milli-Q water ([L8] = 3.00.10-3 M, [Hg2+] = 1.00.10-3 M, room 
temperature).  
AuNPs@L8 
(Red-pink solution) 
AuNPs@L 8 + Hg 2+ 
(Blue solution) 
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Figure 12 shows a possible chelation interaction of the Hg2+ ions with the carboxylate 
groups of chemosensor L8 located in the Nps surface. This could be explaining the formation of 
chains between the Nps and the metal ions. 
 
 
 
 
 
 
 
Figure 12. Schematic presentation of the chelation interaction of the Hg2+ ion with the 
carboxylate groups located in the Nps surface. 
 
4.3. Synthesis and characterization of AgNps in aqueous solution 
4.3.1. AgNps@citrate  
 
AgNps@citrate were prepared in aqueous solution following a modification of the 
Turkevich method.19 The formation of the nanoparticles can be observed because of the 
appearance of the silver plasmonic resonance band at ca. 400 nm. Fractal geometry of the silver 
Nps was also observed (Figure 13).32 
 
 
!!
Chapter 6 !! !
186!
 
 
Figure 13. Absoption (left) and TEM images (right) of AgNPs@citrate in aqueous phase. 
AgNps@L8 were obtained by exchanging of the citrate molecules located in the 
nanoparticles surface for chemosensor L8 (see figures 14 and 15).  
Similar results to that obtained in organic phase for AgNps@L7 were observed and a 
fluorescence enhancement takes place when chemosensor L8 containing a fluorescein unit is 
localized near the surface of the silver nanoparticles,33 through the coupling of the fluorophore 
with radiating plasmon from the metallic particles.34  
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Figure 15. TEM images of AgNPs@L8 in aqueous phase. 
 
4.3.1.1. Sensing metal ions with AgNPs@L8 in aqueous solution 
In order to explore the potential application of these functionalized small stable 
AgNPs@L8 as chemosensors for metal ions in aqueous solution, metal titrations with Zn2+ was 
performed following the modifications in the surface plasmonic resonance band (SPRB).  
Small changes in the absorption and emission spectra of AgNPs@L8 in the presence of 
Zn2+ were observed in aqueous solutions (figure 16). 
  
Figure 14. Absorption (A) and emission (B) spectra after the titration of AgNPs@citrate with 
L8 in aqueous phase ([L8] =3.10-3 room temperature, λexc = 420nm). Spectrophotometric 
titration of AgNPs@TOAB with compound L8 with the addition of triethyl phosphate (C and 
D) solution in water ([L8] = 3.00.10-3, [triethyl phosphate] = 1.00.10-3 M, room temperature). 
The insets show  the normalized fluorescence intensity at 536 nm (D). 
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Figure 16. Spectrophotometric titration of AgNPs@citrate with compound L8 and with 
the addition of Zn2+ ions in aqueous phase. ([L8] = 3.00.10-4 M, [Zn2+] = 1.00.10-3 M, 
room temperature, λexc = 420 nm). The insets show the absorption at 420 nm (left) and  
the normalized fluorescence intensity at 536 nm (right). 
 
4.3.2. AgNPs @PVP  
 
In order to obtain AgNPs with more stability, we decide to employ PVP 
(polyvinylpyrrolidone) instead of citrate like stabilizer (Figure 17). One of the principal 
advantages of PVP is that presents higher molecular weight, resulting in a net formation in 
solution.35 This explains the higher steric stability observed in Nps with PVP near of their 
surface. On the other hand, PVP is a biocompatible molecule that allows higher biological 
applications.  
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Figure 17. Absorption (left) and TEM image (right) of AgNPs@PVP in aqueous phase. 
 
In that case, AgNps@L8 were obtained by exchanging of the PVP molecules located in 
the nanoparticles surface of AgNPs@PVP for chemosensor L8 (see figure 18). 
 
  
Figure 18. Absorption (left) and emission (right) spectra after the titration of AgNPs@PVP 
with L8 in aqueous phase ([L8] = 3.00.10-3, room temperature, λexc = 400 nm). The inset shows 
the absorption at 400 nm. 
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The pH values measured for AgNPs@citrate and AgNPs@PVP were 7/8 and 4/4.5, 
respectively. The more basic medium in the AgNPs@citrate leads to the opening of the 
fluorescein ring, and this data explain the increasing of the absorption band observed after the 
titration of AgNPs@citrate with chemosensor L8. 
With the aim to confirm the influence of the pH value in the absorption behavior, a pH 
titration of the AgNPs@L8 was carried on. The results obtained are shown in figure 19. 
 
Figure 19. Influence of the pH in the absorption spectra of AgNPs@L8 in aqueous phase ([L8] 
= 3.10-3 M room temperature). 
Figure 20 shows TEM images of AgNPs@L8 in aqueous phase to different pH values. 
The initial pH of the AgNPs@L8 in aqueous phase is 4.2. At this value AgNPs are located very 
close. At pH > 7, the fluorescein ring opens and the net charge on the surface of the 
nanoparticles produces the separation between them and consequently an increase in their 
stability.  Completely opposite behavior was observed at more acidic conditions (pH 2.01). 
   
pH = 2.01 pH = 4.02 pH = 11.05 
Figure 20. TEM images of AgNPs@L8 in aqueous phase to different pH values. 
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4.3.3. Sensing metal ions with AgNPs@L8 in aqueous solution 
In order to explore the potential application of these functionalized small and stable 
AgNPs@L8 as chemosensor for toxic, heavy, and soft metal ions36 (Zn2+, Cd2+, Hg2+) (Figure 20 
and 21) several metal titrations were performed. The results obtained after titration of 
AgNPs@PVP with compound L8 in absolute ethanol with the addition of Hg2+ are the same to 
that observed in organic phase with AuNPs@L8. 
 
 
Figure 20. Spectrophotometric titration of AgNPs@PVP with compound L8 in absolute ethanol 
with the addition of Cu2+ (A and B), Zn2+ (C and D) and Hg2+ (E and F) in aqueous solution 
([L8] = 3.00.10-4 M, [Cu2+] = [Zn2+] = [Hg2+] = 1.00.10-3 M, room temperature, λexc = 400 nm). 
Insets show absorption at 400 nm and 487 nm. 
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TEM images reveal the aggregation of the AgNPs@L8 after the addition of Cu2+. 
Probably this effect is due to the interaction of copper metal ions with chemosensor L8 located 
on the surface of the silver nanoparticles (Figure 21).  
 
 
 
 
 
 
 
 
Figure 21. TEM images show the aggregations process by the interaction of the AgNPs@L8  
with Cu2+. 
 
As it is shown in figure 22, a color change (yellow to orange) of the aqueous solution of 
AgNPs@L8  was observed in the presence of Hg2+. The interaction of this AgNps@L8 with Hg2+ 
leads to the modification of the AgNps structure and the formation of chains between them, 
similar to the case of AuNps@L8 in aqueous phase. 
 
 
 
 
 
  
 
 
 
 
Figure 22. Naked-eye detection of Hg2+ by AgNPs@L8 in aqueous phase. Colour solution and 
TEM images of AgNPs@L8 in the absence (1) and in the presence (2) of Hg2+ in aqueous phase 
(right). 
 
1 2 
2 1 
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Figure 23 shows a possible chelation interaction of the Hg2+ ions with the carboxylate 
groups of chemosensor L8 located in the AgNps surface. This could be explain the formation of 
chains between the silver nanoparticles. 
 
 
Figure 23. Schematic presentation of the chelation interaction of the Hg2+ ion with the 
carboxylate groups located in the AgNps surface. 
 
4.3.4. AgNPs@citrate with different size and shape 
 
Synthesis of AgNPs@citrate with different size and shape was performed following the 
method published previously by A. J. Frank.37 Citrate was used as stabilizer and NaBH4 as 
reducing agent. Silver nanoparticles of different size and shape were obtained as a function of 
the quantities of hydrogen peroxide and potassium bromide employed in the synthesis. Thereby, 
AgNPs@citrate from spherical to triangular shape were obtained and these silver nanoparticles 
present different size and color. 
 
4.3.5. Nanotoxicology of AgNPs functionalized with fluoresceine as new imaging systems 
 
Fluorescent nanoparticles have been proposed for many applications mainly in 
biomedicine but also in environment and energy applications. In the present work, 
AgNPs@citrate with different size and shape functionalized with ligand L8 derivatives were 
evaluated for toxicity and blood cell integration using a freshwater fish (Carassius auratus) as a 
biological model.  
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Figure 24 shows representative images of suspensions from each metal functionalized 
NPs by epifluorescence microscopy revealing different intensities. For AuNps no visible 
fluorescence was detected (figure 24d). 
 
  
  
Figure 24. Functionalized metal NPs: (a) AgNps@L7 (toluene); (b) AgNps@L8 (triangular Nps 
in water); (c) AgNps@L8 (spherical Nps in water); (d) AuNps@L8 (in water). (Magnification: 
X400; Filter: N2.1)  
 
Suspensions of functionalized NPs (figure 24) injected in fish showed different toxicity 
to fish as shown in figure 25. The NPs toxicity resulted in a stress oxidative response as shown 
by enzymatic activities indicating that cells triggered defense mechanisms to maintain their 
physiological and morphological integrity. To complement toxicity information, lipid 
peroxidation was also assessed (figure 25). The increase in MDA concentrations indicates the 
enhancement of ROS action in organism’s lipids (“peroxidation”), showing a process of cellular 
injury. The results indicates that NPs shape may have a strong influence on toxicity suggesting 
that spherical NPs are less toxic to fish cells and shapes with sharp edges show higher toxicity 
possibly by a direct physical effect on cell´s membranes. The toxicity observed in AgNps@L7 
are attributed to solvent (toluene) used while other AgNPs were used in water.  
The results from Nps internalization in tissues following intra-peritoneal injection are 
shown in figure 25 (representative image). 
 
a! b!
c! d!
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Figure 25. Representative images of C. auratus intestine (a) and livers (b) tissues from fish 
injected with metal NPs functionalized with fluorescein (NP13). Magnification (400x). 
 
The observations using epifluorescence microscopy show that injected NPs are 
internalized within tissue cells but are not distributed homogenously inside tissues. However, 
we may also consider that these concentration “spots” represent a location where Nps are more 
concentrated while Nps distributed in lower concentrations are below limits of detection. 
Nevertheless, it demonstrates that the functionalized metal NPs were internalized by cells. 
Further ultra-structural studies are required to follow cellular pathways of internalized NPs. 
Figure 26 show a representative image from metal Nps internalization in a fish blood 
white cell (leukocyte). 
 
 
Figure 26. Representative image of a leukocyte showing NPs uptake. 
 
The results from leukocytes incubation were examined by epifluorescence microscopy 
revealing that the different types of metal NPs were up-taken by cells and consequently may 
have potential applications in biology and biomedicine studies. 
 
a! b!
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Conclusions 
1.- Eight new fluorescent chemosensors, from L1 to L8, have been synthesized and fully 
characterized.  Four of them are derived from 1,5-bis(2-aminophenoxi)-3-oxopenthane and  
provided with two emissive units: L1 present two β-naphtol units, L2 shows two 6-nitro-4-oxo-
4H-chromene fluorophores, L3 is provided with two 8-hydroxyquinoline units, L4 incorporated 
two pyrene dyes and two of them, L5 and L6 are derived from 2,3-dihydroxybenzaldehyde and 
8-hydroxyquinoline-2-carbaldehyde using 4,4´-methylene-dianiline. Finally L7 and L8 are 
derived from fluoresceine and bearing two pendant-arms  with thiol units. 
 
2.- L1 reported in Chapter 1 were evaluated in solution by absorption and fluorescence 
emission spectroscopy and in gas phase by MALDI-TOF-MS spectrometry. The probe has 
shown a remarkable selectivity for Cu2+, CN- and F-. This selectivity means that the new ligand 
could find an application as the building block to design a more complex chemosensor for these 
three ions.  
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3.- In the chapter 2 was reported compound L2. The system was synthetized   by a simple and 
green synthetic method. Experimentally and computationally evidence that two chemical forms 
of the ligand occur, depending of the physical state: the imine form (L2) in solid state and gas 
phase, and the enamine form (L2’) in solution. The effect of cations, such as Co2+, Ni2+, Cu2+, 
Cd2+, Zn2+, Ag+ and Hg2+, on the absorption, fluorescence and MALDI-TOF-MS spectra was 
explored. A remarkable selectivity towards Cu2+ and Hg2+ was observed in the solution studies 
and towards Ag+ and Cu2+ by the MALDI-TOF-MS analyses. Some Metal complexes with Cu2+, 
Cd2+, Zn2+, Ag+ and Hg2+ were synthesized and fully characterized in order to compare with the 
results obtained in solution by absorption and fluorescence spectroscopy. PPMA doped films 
were prepared with compound (L2) in order to explore the potential application as solid 
supported fluorescence chemosensor for metal ions. Our results show very promising results 
uses as new PPMA supported-films as metal ion solid chemosensor. 
4.- Chapter 3 summarises the synthesis and characterization of compounds L3 and L3’ bearing 
two units of 8-OH quinoline. The interaction with divalent (Cu2+ and Zn2+) and trivalent 
(Eu3+and Sm3+) metal ions was explored in solution by absorption and fluorescence 
spectroscopy, and in gas phase using MALDI-TOF- MS spectrometry and synthesizing several 
mononuclear metal complexes. The behaviour of these ligands upon deprotonation was 
explored spectroscopically and studies on the excited state were performed. Computational 
studies demonstrated that, the low fluorescence of L3 is due to a non-radiative process in com- 
pound different from a photoinduced proton transfer, which has been characterized as the 
photoisomerization of one of the imine bonds occurring via S1. Finally compound L3 was used 
to prepare dye-dopped PPMA polymers and to stabilize silver nanoparticles with different 
shapes and sizes. 
5.- Chapter 4 is dealing with the synthesis and characterization of two new compounds, P and 
L4, containing pyrene units as chromophores. The interaction of L towards Ag+, Cu2+, Zn2+, 
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Cd2+ and Hg2+ metal ions was explored in gas phase using MALDI-TOF-MS spectrometry and 
L presented high selectivity towards Cu2+ and Ag+. 
Several metal ion titrations of L4 with Ag+, Cu2+ and Zn2+ followed by absorption and 
emission were performed in aprotic solvents (dioxane, acetonitrile and dichloromethane). In all 
cases, the stability constant values suggest a stoichiometry 1:1 ligand to-metal. The strongest 
interaction expected for sensor L was with Ag+ in all the solvents tested, being the highest value 
observed in the non-coordinative solvent dioxane. 
The fluorescence characteristics of L4 were found to be strongly dependent on the 
nature of the employed medium and of the excitation wavelength. The presence of water 
molecules result in the switch-on of the pyrene monomer emission (an excited pyrene with no 
other pyrene in its vicinity) and the switch-off of the pyrene dimer/excimer emission. 
 
6.- In chapter 5 we summarized the synthesis of two new chemosensors L5 and L6. Both with 
more rigid structure when compare with the previous four compounds. The deprotonation 
behaviour and sensing capability of these compounds toward trivalent Al3+, Ga3+ and In3+ metal 
ions were studied by UV–vis and fluorescent emission spectroscopy. The fluorescence of 
chemosensors L5 and L6 was too weak but an Enhancement of the Fluorescence Emission (EF) 
effect was observed after addition of tetrabutylammonium hydroxide. Titration of ligands L5 
and L6 with trivalent Al3+, Ga3+ and In3+ metal ions led to a decrease in the fluorescence 
emission. All final results an hypothesis about the formation of Helicate-type structures were 
postulated. 
7.- In chapter 6 two new chemosensors, L7 and L8, containing a bio-compatible fluorescein 
fluorophore were synthesized and characterized. Both compounds were studied by elemental 
analysis, MALDI-TOF-MS spectrometry, infrared, 1H and 13C NMR, UV-vis absorption and 
emission fluorescence spectroscopy. 
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8.- Very small and highly stable gold and silver nanoparticles (AuNPs and AgNPs) were 
successfully synthesized in organic (toluene) and in aqueous phase. Compound L7 was used to 
functionalizes the AuNPs and AgNPs surfaces in organic solvent (toluene). Coated AuNPs@L7 
were not emissive because the luminescence of the fluorescein was totally quenched by the gold 
metal core, while in the case of AgNPs@L7 a surface-enhanced fluorescence on metal 
nanostructures (SEF) were observed, because of the coupling of the fluorophore with radiating 
plasmon from the metallic particles. Similar behaviour was observed in aqueous solution with 
L8 and gold and silver Nps. 
 
9.- The interaction of the new coated AuNps@L8 and AgNps@L8 with Hg2+ in aqueous phase 
leads to the modification of the Nps structures and the formation of chains between them. A 
colour change was observed in both cases in the presence of this heavy-metal ion.  
 
10.- Stable AgNPs@citrate with different size and shape functionalized with ligand L8 were 
evaluated for toxicity and biochemical blood cell integration using a freshwater fish (Carassius 
auratus) as a biological model.  
 Toxicity studies showed that different silver and gold NPs shapes result in differential 
toxicity as suggested by the enzymatic studies and lipid-peroxidation.  
 
11.- All nanoparticles studied in toluene were very toxic, in this way physiological compatible 
carriers should be preferred for deliver Nps to biological organisms in water or saline buffers. 
 
12.- Internalization studies of AuNPs were not conclusive since it was not possible to observe 
their fluorescence and further studies must be carried out. However, regarding the AgNPs, they 
were able to penetrate tested tissues and cells which suggest that may have potential 
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applications in biology, biomedicine or environment but their efficiency and uses will depended 
on shape and nature. 
 
 !
